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SCARECROW GENE. PROMOTER AND USES THEREOF 



This application is a continuation-in-part of co- 
pending Application No. 08/842,445, filed April 24, 1997, 
which is a continuation-in-part of Application No. 
08/638,617, filed April 26, 1996, now abandoned, the 
disclosures of which are herein incorporated by reference in 
their entirety. 

This invention was made with government support 
under grant number: GM4 3778 awarded by the National 
Institute of Health. The government may have certain rights 
in the invention. 

1. INTRODUCTION 
The present invention generally relates to the 
SCARECROW (SCR) gene family and their promoters. The 

invention more particularly relates to ectopic expression of 
members of the SCARECROW gene family in transgenic plants to 

artificially modify plant structures. The invention also 
relates to utilization of the SCARECROW promoter for tissue 

and organ specific expression of heterologous gene products. 

2. BACKGROUND OF THE INVENTION 
Asymmetric cell divisions, in which a cell divides 
to give two daughters with different fates, play an important 
role in the development of all multicellular organisms. In 
plants, because there is no cell migration, the regulation of 
asymmetric cell divisions is of heightened importance in 
determining organ morphology. In contrast to animal 
embryogenesis, most plant organs are not formed during 
embryogenesis. Rather, cells that form the apical meristems 
are set aside at the shoot and root poles. These reservoirs 
of stem cells are considered to be the source of all post- 
embryonic organ development in plants. A fundamental 
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question in developmental biology is how meristems function 
to generate plant organs. 

2.1. ROOT DEVELOPMENT 
5 Root organization is established during 

embryogenesis . This organization is propagated during 
postembryonic development by the root meristem. Following 
germination, the development of the postembryonic root is a 
continuous process, wherein a series of initials or stem 
10 cells continuously divide to perpetuate the pattern 

established in the embryonic root (Steeves & Sussex, 1972, 
Patterns in Plant Development r Englewood Cliffs, N J : 
« Prentice-Hall, Inc.) . 

15 2.1.1. ARABIDOPSIS ROOT DEVELOPMENT 

ijl Due to the organization of the Arabidopsis root, it 

?i is possible to follow the fate of cells from the meristem to 

U| maturity and identify the progenitors of each cell type 

L, (Dolan et al., 1993, Development 119:71-84). The Arabidopsis 

fTj 20 root is a relatively simple and well characterized organ. 

H The radial organization of the mature tissues in the 

fSJ Arabidopsis root has been likened to tree rings with the 

y3 epidermis, cortex, endodermis and pericycle forming radially 

symmetric cell layers that surround the vascular cylinder 
25 (FIG. 1A) . See also Dolan et al., 1993, Development 

119:71-84. These mature tissues are derived from four sets 
of stem cells or initials: i) the columella root cap initial; 
ii) the pericycle/ vascular initial; iii) the 
epidermal/ lateral root cap initial; and iv) the 
30 cortex /endodermal initial (Dolan et al., 1993, Development 
119:71-84). It has been shown that these initials undergo 
asymmetric divisions (Scheres et al., 1995, Development 
121:53-62). The cortex/ endodermal initial, for example, 
first divides anticlinally (in a transverse orientation) 
35 (FIG. IB) . This asymmetric division produces another initial 
and a daughter cell. The daughter cell, in turn, expands and 
then divides periclinally (in the longitudinal orientation) 
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(FIG. IB) . This second asymmetric division produces the 
progenitors of the endodermis and the cortex cell lineages 
(FIG. IB). 

Furthermore, root radial organization in 
5 Arabidopsis is produced by three distinct developmental 

strategies. First, primary roots employ stem cells , wherein 
initials undergo asymmetric divisions first to regenerate 
themselves and then to generate the cell lineages of the root 
(Fig. IB). Second, in the embryo, sequential asymmetric 

10 divisions subdivide pre-existing tissue to form the cell 
layers of the embryonic root. Finally, lateral roots are 
formed by a strategy of cell proliferation that originates in 
differentiated tissues. Remarkably, within a given species, 
all three strategies result in roots with a nearly identical 

15 radial organization. 

2.1.2. MAIZE ROOT DEVELOPMENT 

The root organization of Zea mays (maize) , which is 
a very well characterized member of the grass family, is far 

20 

more complex than the root organization in Arabidopsis. The 
root system of maize consists of primary, embryonic, lateral, 
seminal lateral and adventitious roots. Both primary and 
seminal lateral roots are formed during embryogenesis, 
wherein the primary root is the first root to emerge during 

25 

germination, followed by the seminal lateral roots formed at 
the scutellar nodal region (Freeling, M. and Walbot, V. 
(1994), The Maize Handbook, (New York: Springer-Verlag) ; 
Hetz, W. et al., (1996), Plant J. 10:845-857). Both crown 
and prop roots which develop post-embryonically are shoot- 
30 borne roots, often termed "adventitious". However, since 
these roots are part of the normal development of the plant, 
they are not, strictly speaking, adventitious roots, which 
are typically formed as a result of injury or hormone 
treatment. Crown roots, representing the major roots of the 

35 

mature plant, are formed at consecutive early nodes of the 
stem beginning with the coleoptilar nodes. Later in 
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development, brace or prop roots emerge from nodes above the 
soil level (Freeling, M. and Walbot, V. (1994) , The Maize 
Handbook, (New York: Springer-Verlag) ; Hetz, W. et al., 
(1996), Plant J. 10:845-857). 
5 Currently, there are two notably different types of 

organization of root apical meristems: an open and a closed 
meristem. In an "open" meristem, the cell files of the 
mature tissues cannot be traced with much confidence to 
distinct initials, and the incipient tissues do not appear to 
10 have discrete boundary walls between the root proper and the 
root cap (Clowes, F. A. L. , 1981, Ann. Bot. 48:761-767). 
Therefore, the interpretation of the organization of the open 
^ meristem has been problematic (Clowes, F. A. L. , 1981, Ann. 

Ji Bot. 48:761-767). In a "closed" meristem, however, since 

Lz; 15 files of cells converge onto a pole at the root apex, it is 

m easy to identify discrete layers in median longitudinal 

jf] sections (Clowes, F. A. L. , 1981, Ann. Bot. 48:761-767). 

m Both Arabidopsis and maize roots show 

^ characteristics of the closed meristem (FIG. 23). However, 

jjjj 20 there are important differences. In maize roots, the root 

M> apical meristem consists of three independent layers of 

*f initials. One gives rise to the stele, the second gives rise 

iJJ to epidermis, cortex and endodermis and the third generates 

the root cap, whereas in the Arabidopsis root apical 
25 meristem, the epidermis shares a common initial with the 

lateral root cap (Esau, K. , 1977, Anatomy of Seed Plants. 2nd 
ed. (New York: John Wiley & Sons); Esau, K. , 1953, Plant 
Anatomy. (New York: John Wiley & Sons) ) . 

Primary organization of the root apical meristem in 
3 0 maize occurs during embryogenesis, (Steeves, T. A. and 

Sussex, I. M. , (1989), Patterns in plant development., 2nd 
ed. (Cambridge University Press)) as in Arabidopsis. There 
are three main phases in embryo development in maize 
(FIG. 24) (Freeling, M. and Walbot, V. (1994), The Maize 
35 Handbook, (New York: Springer-Verlag) ; Steeves, T. A. and 
Sussex, I. M. , (1989), Patterns in plant development., 2nd 
ed. , (Cambridge University Press) ; Sheridan, W. F. and Clark, 
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J, K. , (1993), Plant J. 3:347-358)* As in Arabidopsis , the 
very first division of the zygote establishes the initial 
asymmetry of the embryo (FIG. 2 4 A) . However, unlike 
Arabidopsis, embryonic development in maize is characterized 
5 by rather irregular cell divisions (Sheridan, W. F. and 

Clark, J. K., (1993), Plant J. 3:347-358). During the first 
phase, the apical-basal asymmetry of the embryo is 
established, and the embryo is regionalized into suspensor 
and embryo proper (FIG. 24B-C) . During the second phase, 
10 radial asymmetry appears and the embryonic axis and meristems 
are established (FIG* 24D-E) (Clowes, F. A. L. , (1978), New 
Phytol. 80:409-419). Finally, during the third phase, 
vegetative structures such as embryonic roots and leaves are 

J} elaborated (FIG. 24F-G) (Sheridan, W. F. and Clark, J. K. , 

W 15 (1993), Plant J. 3:347-358). 

5s 5 

W 2.1.3. THE QUIESCENT CENTER 

03 

The quiescent center (QC) of root apical meristems 
* of angiosperms is a population of mitotically inactive cells. 

jU? 2 0 in the QC of the primary root of maize, for example, the 

!*& average duration of a mitotic cycle is about 200 hours 

compared with only 12 hours in the cells just below the QC 
j3 and 28 hours in the cells just above the QC (Clowes, F. A. 

L. , (1961), J. Exp. Bot. 9:229-238). Moreover, there are 
2 5 also reductions in the rates of synthesis of DNA and protein, 
and corresponding reductions in the amounts of DNA and RNA 
per cell (Clowes, F. A. L. , (1956), New Phytol. 55:29-34). 

Although the precise role of the QC has remained 
speculative, it is generally accepted that cells within the 
30 QC are undifferentiated and, other than the anatomical 

pattern of cell files, lacking in radial pattern information. 
This theory has been supported by ablation studies performed 
in Arabidopsis, wherein, complete laser ablation of the four 
central cells in the Arabidopsis QC led to subsequent 
35 restoration of the QC by cells of the stele. Furthermore, 

laser ablation of only one or two cells in the QC resulted in 
differentiation of surrounding initial cells. Analysis of 
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the hobbit mutants further supports these observations. In 

the hobbit mutants, there is no functional QC, leading all 

cortex initials to divide into cortex and endodermis during 
embryogenesis (van den Berg, C, et al., (1995), Nature 

5 

3 78:62-65). Taken together, it is suggested that the QC 
suppresses differentiation of surrounding initials in the 
range of a single cell (van den Berg, C. , et al., (1995), 
Nature 378: 62-65) . 

In maize, on which the contemporary view of the 

10 

role of the QC is based (Feldman, L. J., (1984), Amer. J. 
Bot. 71:1308-1314; Freeling, M. and Walbot, V., (1994), The 
maize handbook. (New York: Springer-Verlag) ) , surgical and 
tissue culture systems were developed to study the 
organization process of root apical meristems (Feldman, L. 

15 

J., (1976), Planta 128:207-212). Following removal of the QC, 
the remaining root regenerates a new root tip. This process 
appears to involve de novo organization of the QC and the 

apical meristem (Feldman, L. J., (1976), Planta 128:207-212). 
2Q In addition, the excised QC itself is capable of generating a 
new root (Feldman, L. J. and Torrey, J. G. , (1976), Amer. J. 
Bot. 63:345-355). This suggests that there is indeed 
sufficient radial pattern information in the QC to allow the 
regeneration of more or less intact roots. 

25 

2.2. GENES REGULATING ROOT STRUCTURE 
Mutations that disrupt the asymmetric divisions of 
the cortex/ endodermal initial have been identified and 
characterized (Benfey et al., 1993, Development 119:57-70; 
30 Scheres et al., 1995, Development 121:53-62) ♦ short-root 

(shr) and scarecrow (scr) mutants are missing a cell layer 
between the epidermis and the pericycle. In both types of 
mutants, the cortex/ endodermal initial divides anticlinally , 
but the subsequent periclinal division that increases the 
35 number of cell layers does not take place (Benfey et al., 
1993, Development 119:57-70; Scheres et al., 1995, 
Development 121:53-62). The defect is first apparent in the 
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embryo and it extends throughout the entire embryonic axis, 
which includes the embryonic root and hypocotyl (Scheres et 
al., 1995, Development 121:53-62), This is true also for 
other radial organization mutants characterized to date, 
5 suggesting that radial patterning that occurs during 
embryonic development may influence the post-embryonic 
pattern generated by the meristematic initials (Scheres et 
al., 1995, Development 121:53-62). 

Characterization of the mutant cell layer in shr 

10 indicated that two endodermal-specif ic markers were absent 
(Benfey et al. , 1993, Development 119:57-70). This provided 
evidence that the wild-type SHR gene may be involved in the 

specification of endodermis identity. 

15 

2.3. GEOTROPISM 
In plants, the capacity for gravitropism has been 
correlated with the presence of amyloplast sedimentation. 
See, e.g., Volkmann and Sievers, 1979, Encyclopedia Plant 

20 Physiol., N.S. vol 7, pp. 573-600; Sack, 1991, Intern. Rev. 
Cytol. 127:193-252; Bjorkmann, 1992, Adv. Space Res. 12:195- 
201; Poff et al., in The Physiology of Tropisms . Meyerowitz & 
Somerville (eds) ; Cold Spring Harbor Laboratory Press, 
Plainview, NY (1994) pp. 639-664; Barlow, 1995, Plant Cell 

25 Environ. 18:951-962. Amyloplast sedimentation only occurs in 
cells in specific locations at distinct developmental stages. 
That is, when and where sedimentation occurs is precisely 
regulated (Sack, 1991, Intern. Rev. Cytol. 127:193-252). In 
roots, amyloplast sedimentation only occurs in the central 

3Q (columella) cells of the rootcap; as these cells mature into 
peripheral cap cells, the amyloplasts no longer sediment 
(Sack & Kiss, 1989, Amer. J. Bot. 76:454-464; Sievers & 
Braun, in The Root Cap: Structure and Function ,, Wassail et 
al. (eds.), New York: M. Dekker (1996) pp. 31-49). In stems 

35 of many plants, including Arabidopsis, amyloplast 

sedimentation occurs in the starch sheath (endodermis) 
especially in elongating regions of the stem (von Guttenberg, 
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fe-HUfala ^schen «"»l » H»n , Handbuch der Pf lanzenanatomie; 
K. Linsbauer (ed.,, Berlin: Gebruder Borntraeger, vol 5 

iiirZt* 2i7! » s * cK i987 - can - j - **• «■»«-»»/*«*. 

5 1989 Pi t Cyt01 ' 127 :1 "- 252 '- « Pickard, 

1989, Planta 177:185-197; Volkmann et al., 1993 J P1 
Physiol. 142:710-6). 

GraVitr ° PiC mUtantS haVS been studied evidence 
that proves the role of amylopiast sedimentation in gravity 
sensing. However, many gravitropic mutations affect 

ri S orT,r ntS SU ° h " aUXin — or metabolism 
(Masson, 1995, Bl o E ssays 17:119-127,. other mutations seem 

sen*": Pr ° dUCtS th3t PrOOSSS -Nation from gravity 

sensing. For example, the lazy mutants of higher plants and 

» : r:r s in mosses can cieariy »^ - SP :„d t 

gravity, but the mutations reverse the normal polarity of the 
gravitropic response (Caiser « Lomax. 1993, Plant PhyLo! 

102=339-344; Jenkins et al., 1986 Plant r»i 1 «■ ■ 
HJ , „„, _ ' Plant Cell Environ 9:637- 

644, other mutations appear to affect gravitropism of 
^ specify organs. For example, sgr mutants have defective 
shoot gravitropism (Fukaki et al., 1996, Plant Physiol. 

Fukaki et al., 1996, Plant Res. 109:129-137). 

shall not h itatiC T ° r identlficatl °" °f »y reference herein 

5 availabL ^ " that SUCh ~ £ ~ence is 

available as pnor art to the present invention. 

3 - SUMMARY of THE JHV EMTTOH 
The structure and function of a regulatory gene 

cTt C a 1 f n C t a i ly " r ° 0t Pr ° 9enit ° r embryos, and in 

certain tissues of roots and stems. SCR expression controls 

cell division of certain cell types in roots, and affects the 
organ lzatlon of root ^ ^ ^ 

to the SC^csa, ( sc R) gene (which encompasses the 
Arabidopsis SCR gene and its orthologs and paralogs, , SCR- 
like genes, SCR gene products, (including, but not Umited 
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to f transcriptional products such as mRNAs, antisense and 
ribozyme molecules, and translational products such as the 
SCR protein, polypeptides, peptides and fusion proteins 
related thereto) , antibodies to SCR gene products, SCR 

5 regulatory regions and the use of the foregoing to improve 
agronomically valuable plants. 

The invention is based, in part, on the discovery, 
identification and cloning of the gene responsible for the 
scarecrow phenotype. In contrast to the prevailing view that 

10 

the SCR gene was likely to be involved in the specification 

of endodermis, the inventors have determined that the mutant 
cell layer in roots of scr mutants has differentiated 

characteristics of both cortex and endodermis. This is 
15 consistent with a role for SCR in the regulation of 

asymmetric cell division rather than in specification of the 
identity of either cortex or endodermis. The inventors have 
determined also that SCR expression affects the gravitropism 
of plant aerial structures such as the stem. 
2 0 One aspect of the invention relates to the 

heterologous expression of SCR genes and related nucleotide 

sequences, and specifically the Arabidopsis SCR and maize 

ZCARECRON (ZCR) genes, in stably transformed higher plant 

species. Modulation of SCR and ZCR expression levels can be 

25 

used to advantageously modify root and aerial structures of 
transgenic plants and enhance the agronomic properties of 
such plants. 

Another aspect of the invention relates to the use 
3Q of promoters of SCR genes, and specifically the use of the 

Arabidopsis SCR and maize ZCR promoters to control the 

expression of protein and RNA products in plants. Plant SCR 

promoters have a variety of uses, including, but not limited 
to, expressing heterologous genes in the embryo, root, root 
35 nodule and stem of transformed plants. 
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The invention is illustrated by working examples, 
described infra, which demonstrate the isolation of the 

Arabidopsis SCR gene using insertion mutagenesis. More 

specifically, T-DNA tagging of genomic and cDNA clones of the 

5 

Arabidopsis SCR gene are described. Other working examples 

include the isolation of SCR sequences from plant genomes 

using PCR amplification in combination with screening of 
genomic libraries, and heterologous gene expression in 
10 transgenic plants using SCR promoter expression constructs. 

Additional working examples describe the cloning and 
isolation of maize ZCR genes using probes derived from the 

Arabidopsis SCR gene on a maize genomic library. Still other 
working examples describe the characterization of the maize 
15 ZCR expression pattern in primary and embryonic roots, and 

during regeneration of the root tip following excision of the 
QC. 

Structural analysis of the deduced amino acid 
sequence of Arabidopsis SCR protein indicates that SCR 

20 

encodes a transcription factor. Northern analysis, in situ 

hybridization analysis and enhancer trap analysis show highly 
localized expression of Arabidopsis SCR and maize ZCR in 

embryos and roots. Genetic analysis shows SCR expression 

25 also affects gravitropism of aerial structures (e.g., stems 

and shoots) . This indicates that SCR is also expressed in 

those structures . 

Computer analysis of the deduced amino acid 
sequence of Arabidopsis SCR protein with those of Expressed 
Sequence Tag (EST) sequences and genomic sequences in GenBank 
reveals the existence of at least eighteen SCR genes in 

Arabidopsis, one SCR gene in maize, four SCR genes in rice, 

and one SCR gene in Brassica. A further aspect of the 

35 invention relates to the use of such EST sequences to obtain 
larger and/or complete clones of the corresponding SCR gene. 
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The various embodiments of the claimed invention 
presented herein are by way of illustration only and are in 
no manner intended to limit the scope of the invention. 



3.1. DEFINITIONS 

As used herein, the terms listed below will have 
the meanings indicated. 



10 



35S 



CDNA 



cis-regulatory 
element = 



15 



coding 
sequence 



20 



DNA 
EST 

functional 
portion 



25 



cauliflower mosaic virus promoter for the 3 5S 
transcript 

complementary DNA 



A promoter sequence 5' upstream of the TATA 
box that confers specific regulatory response 
to a promoter containing such an element. A 
promoter may contain one or more cis- 
regulatory elements , each responsible for a 
particular regulatory response 



sequence that encodes a complete or partial 
gene product (e.g., a complete protein or a 
fragment thereof) 

deoxyribonucleic acid 

expressed sequence tag 



a functional portion of a promoter is any 
portion of a promoter that is capable of 
causing transcription of a linked gene 
sequence , e.g., a truncated promoter 



gene 
fusion 



30 



a gene construct comprising a promoter 
operably linked to a heterologous gene, 
wherein said promoter controls the 
transcription of the heterologous gene 



gene 
product 



the RNA or protein encoded by a gene sequence 



gene 
35 sequence 



sequence that encodes a complete gene product 
(e.gr., a complete protein) 



GUS 



1, 3-(3-Glucuronidase 
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gDNA = genomic DNA 

heterologous 

gene = In the context of gene constructs, a 

heterologous gene means that the gene is 
linked to a promoter that said gene is not 
5 naturally linked to. The heterologous gene 

may or may not be from the organism 
contributing said promoter. The heterologous 
gene may encode messenger RNA (mRNA) , 
antisense RNA or ribozymes 

homologous 

a native promoter of a gene that selectively 
hybridizes to the sequence of a SCR gene 
described herein 

messenger RNA 



A linkage between a promoter and gene sequence 
such that the transcription of said gene 
sequence is controlled by said promoter 

related gene in a different plant (e.g., maize 
ZCARECRON gene is an or t ho log of the 
Arabidopsis SCR gene) 

related gene in the same plant (e.gr., 
Arabidopsis SCLelI is a paralog of Arabidopsis 
SCR gene) 

ribonucleic acid 
ribonuclease 

SCARECROW gene or portion thereof, encompasses 
SCR and ZCR genes and their orthologs and 
paralogs 

SCARECROW protein 

scarecrow mutant ( e . g . , scrl ) 
(lower case) 



SCh = SCARECROW- like gene 

ZCR = maize ZCARECROW gene, an or t ho log of, for 

example, the Arabidopsis SCR gene 

35 SCR protein means a protein containing sequences or 



a domain substantially similar to one or more motifs (i.e., 



10 promoter = 



mRNA 

operably 
linked 

15 



ortholog = 



ill paralog 



RNA 
RNase 

25 

SCR 

(italic) 

SCR 
30 scr 



- 12 - 



DCl - 209786.1 



Motifs I -VI) , preferably MOTIF III (VHIID) , of the 
Arabidopsis SCR protein as shown in FIGS. 13A-F and FIGS. 
15A-S. SCR proteins include SCR ortholog and paralog 
proteins having the structure and activities described 
herein. 

SCR polypeptides and peptides include deleted or 
truncated forms of the SCR protein, and fragments 
corresponding to the SCR motifs described herein, 

SCR fusion proteins encompass proteins in which the 
SCR protein or an SCR polypeptide or peptide is fused to a 
heterologous protein, polypeptide or peptide. 

SCR gene, nucleotides or coding sequences mean 

nucleotides, e.g., gDNA or cDNA encoding SCR protein, SCR 

polypeptides, peptides or SCR fusion proteins. 

SCR gene products include transcriptional products 

such as mRNAs, antisense and ribozyme molecules, as well as 
translational products of the SCR nucleotides described 

herein, including, but not limited to, the SCR protein, 
polypeptides, peptides and/or SCR fusion proteins. 

SCR promoter means the regulatory region native to 

the SCR gene in a variety of species, which promotes the 

organ and tissue specific pattern of SCR expression described 

herein. 

4. BRIEF DESCRIPTION OF THE FIGURES 
FIGS. 1A-B. Schematic of Arabidopsis root anatomy. 
FIG. 1A. Transverse section showing the four tissues, 
epidermis, cortex, endodermis and pericycle that surround the 
vascular tissue. In the longitudinal section, the 
epidermal/ lateral root cap initials and the cortex/ endodermal 
initials are shown at the base of their respective cell 
files. FIG. IB. Schematic of division pattern of the 
cortex/endodermal initial. The initial expands then divides 
anticlinally to reproduce itself and a daughter cell. The 
daughter then divides periclinally to produce the progenitors 
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of the endodermis and cortex cell lineages. Abbreviations: 
C, cortex; Da, daughter cell; E, endodermis; In, initial. 

FIGS. 2A-F. Phenotype of scr mutant plants. 

FIG. 2A. Shown left to right are 12-day scr-2, scr-1 and 

wild-type seedlings grown vertically on nutrient agar medium. 
FIG. 2B. 21-day scr-2 mutant plants in soil. FIG. 2C. 

Transverse section through primary root of 7-day scr-2. FIG. 
2D. Transverse section through primary root of 7-day wild- 
10 t YP e ( WT ) • FIG. 2E. Transverse section through lateral root 
of 12-day scr-2 mutant seedling. FIG. 2F. Transverse 

section through root regenerated from scr-1 callus. Bar, 50 

jim. Abbreviations: C, cortex; En, endodermis; Ep, epidermis; 
M, mutant cell layer; P, pericycle; V, vascular tissue. 
15 FIGS. 3A-F. Characterization of the cellular 

identity of the mutant cell layer. FIG. 3A. Endodermis- 
specific Casparian band staining of transverse sections 
through the primary root of 7-day scr-1 mutant. (Note: the 

histochemical stain also reveals xylem cells in the vascular 

20 ... 

cylinder.) FIG. 3B. Casparian band staining of transverse 

sections through the primary root of 7-day wild-type (WT) . 

FIG. 3C. Immunostaining with the endodermis (and a subset of 

vascular tissue) specific JIM13 monoclonal antibodies on 

transverse root sections of scr-2 mutant. FIG. 3D. 

25 

Immunostaining with JIM13 monoclonal antibodies on transverse 
root sections of WT. FIG. 3E. Immunostaining with the JIM7 
monoclonal antibody that stains all cell walls on transverse 
root sections of scr-2 mutant. FIG. 3F. Immunostaining with 

30 JIM7 monoclonal antibodies on transverse root sections of WT. 

Bar, 2 5 /im. Abbreviations are same as those for description 

of FIGS. 2A-2F and: Ca, casparian strip. 

FIGS. 4A-F. Immunostaining. FIG. 4A. 

Immunostaining with the cortex (and epidermis) specific CCRC- 
35 M2 monoclonal antibodies on transverse root sections of scr-1 

mutant. FIG. 4B. Immunostaining with CCRC-M2 antibodies on 
transverse root sections of scr-2 mutant. FIG. 3C. 
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Immunostaining with CCRC— M2 antibodies on transverse root 
sections of wild-type (WT) . FIG. 4D. Immunostaining with 
the CCRC-Ml monoclonal antibodies (specific to a cell wall 
^ epitope found on all cells) on transverse root sections of 
scr-l. PIG . 4E . immunostaining with CCRC-Ml antibodies on 
transverse root sections of scr- 2 . FIG. 4F. Immunostaining 
with CCRC-Ml antibodies on transverse root sections of WT 

io of r ; i Gs°.''I A - 2 F bbreVlatl0nS "* ^ ^ thOS£ '~ —iPtl™ 
FIG. 5A-E. Structure of the Arabidopsis scarecroh 
9ene. FIG. 5A. Nucleic acid sequence and deduced amino acid 
sequence of the Arabidopsis SCR genomic region (SEQ id no", 
and (SEQ ID N0:2, , respectively. Regulatory sequences 
15 including: (i) TATA box, (ii, ATG start codon, and (iii) 
potential polyadenylation sequence are underlined, within 
the deduced amino acid sequence, homopolymeric repeats are 
underlined. FIG. „. schematic diagram of genomic clone 
indicating possible functional motifs, T— DNA insertion sites 
20 and subclones used as probes. Abbreviations: Q,s,P,T region 
with homopolymeric repeats of these amino acids b, reg on 
with similarity to the basic region of b Z l P factors; I and 
II, regions with leucine heptad repeats; E, acidic region. 
FIG. 5C. Comparison of the charged region found in 

" ^ id ° PSlS Pr ° tein Wlth that f ° Und " bZIP transcription 
factors, SCR bZ!P-li k e domain (SEQ ID N0:3,, GCN4 , SEQ id 

NO ' Z 1 <SEQ ID NO:5) ' C " F ° S <SEQ ID H0 = 6 »- («Q ID 

NO. 7), CREB (SEQ ID HO: 8), Opague-2 (SEQ ID NO: 9) 0BF2 (SEO 
ID NO: 10), RAF-1 (SEQ ID NO- 11) FTC *n ™ 0BF2 (SEQ 

. ,™ „ . * """.il). FIG. 5D. Translations of 

tZ ^IID S d en00dln9 PUtatlVe PePtidS haVing s -"-ities to 
the VHIID domain region of Arabidopsis SCR protein (SEQ id 

»0=12), F13396 (SEQ ID N0:13), Z37192 (SEQ ID NO=14 , and 
«5«« (SEQ ID NO: 15, are from Arabidopsis, Tle3!0 (SEQ ID 
Ijj ! 18 Ii™ naiZe and D41 «< <"Q ID NO: 16) is from rice. 

ZLcL T oed amin ° aoid sequence of the »^"=p.i. 

scarecrow gene (SEQ ID NO: 2). 
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FIGS. 6A-B. Expression of the Arabidopsis 
SCARECROW gene. FIG. 6A. Northern blot of total RNA from 

wild-type siliques (Si) , roots (R) , leaves (L) and whole 
seedlings (Sd) hybridized with Arabidopsis SCR probe a and 

with a probe from the Arabidopsis glutamme dehydrogenase 
(GDH) gene (Melo-Oliveira et al., 1996, Proc. Natl. Acad. 

Sci. USA 93:4718-4723) as a control for RNA integrity. {GDH 

expression is lower in siliques than in vegetative tissues.) 
10 The 1.6 kb band corresponds to the GDH gene and the 

approximately 2.5 kb band corresponds to SCR. Ribosomal RNA 

is shown as a loading control. FIG. 6B. Northern blot of 
Arabidopsis wild-type , scr-1 and scr-2 total RNA, probed with 

Arabidopsis SCR probe "a" corresponding to a cDNA sequence 

15 

shown in FIG. 5B, and with the GDH probe. In scr-2 mutant 

additional bands of 4.1 kb and 5.0 kb were detected. 

FIGS. 7A-G. In situ hybridization and enhancer 

trap analyses of Arabidopsis SCR expression. FIG. 7A. SCR 

2 0 RNA expression detected by in situ hybridization of SCR 

antisense probe to a longitudinal section through the root 
meristem. FIG. 7B. In situ hybridization of SCR antisense 

probe to a transverse section in the meristematic region. 
FIG. 7C In situ hybridization of SCR antisense probe to 

25 

late torpedo stage embryo. FIG. 7D. Negative control in 

situ hybridization using a SCR sense probe to a longitudinal 

section through the root meristem. FIG. 7E. GUS expression 
in a whole mount in the enhancer trap line, ET199 in primary 

3 0 root tip. FIG. 7F. GUS expression in the ET199 line in 

transverse root section in the meristematic region. FIG. 7G. 
GUS expression in ET199 detected in a section through the 
root meristem. GUS expression is observed in the 
cortex/endodermal initial, and in the first cell in the 
35 endodermal cell lineage but not in the first cell of the 
cortex lineage. Expression in two endodermal layers is 
observed higher up in the root because the section was not 
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median at that point. Bar, 50 /im. Abbreviations are same as 
those in the description of FIGS. 2A-2F. 

FIG. 8. Partial nucleotide sequence (SEQ ID NO: 18) 
and deduced amino acid sequence (SEQ ID NO: 19) of the 
5 Arabidopsis SCLa4 gene. 

FIG. 9. Partial nucleotide sequence (SEQ ID NO: 20) 
and deduced amino acid sequence (SEQ ID NO: 21) of the 
Arabidopsis SCLa3 gene. 

FIG. 10. Partial nucleotide sequence (SEQ ID 
NO: 22) of the Arabidopsis SCLal gene. 

FIG. 11A. Nucleotide sequence (SEQ ID NO: 24) and 
deduced amino acid sequence (SEQ ID NO: 25) of the maize Zm- 
Scll fragment. 



15 



FIG. 11B. NPartial nucleotide sequence (SEQ ID 
NO: 25) and deduced amirfcjLacid sequence (SEQ ID NO: 2 6) of the 
maize SCLml gene (Zm-Scl2\. 

FIG. 12A-B. Nucleotide sequence of rice SCLo3 EST 

clone. FIG. 12A. Sequence of 5' end of EST clone (SEQ ID 
20 NO:28). FIG. 12B. Sequence of 3 f end of EST clone (SEQ ID 
NO:29) . 

FIGS. 13A-F. Comparison of the amino acid sequence 
of members of the SCARECROW family of genes. Conserved 

Motifs I through VI are indicated by dashed line above the 
25 aligned sequences. Consensus sequences are shown in bold. 

See Table 1 for the identity and sequence identifier number 

of each of the sequences shown in this Figure. 

FIG. 14. Restriction map of the approximately 8.8 

kb Eco RI insert DNA of lambda clone, t643, containing the 
30 Arabidopsis SCR gene. The locations of the approximately 5.6 

kb Hindlll-SacI fragment subcloned in plasmid LIG l-3/SAC+MoB 2 
1SAC, and the SCR coding region are indicated below the 

restriction map. The location of the translational 
initiation site of the SCR gene is at the Nco I site at the 

35 

left end of the indicated coding region. The SCR coding 
sequence begins at the translation initiation site and 
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extends approximately 1955 nucleotides to its right. E. coli 

DH5a containing plasmid pLIGl-3/SAC+MoB 2 1SAC, has the ATCC 
accession number 98031. 

IGS. 15A-S . Comparison of the partial and 
complete amiho acid sequences of several plant members of the 
SCARECROW famiW of genes. The amino acid sequences are 

aligned in a manner that maximizes amino acid sequence 
similarity and identsLty among SCR family members. Each 

sequence shown is continuous except where noted otherwise; 
the dots are inserted between two sequence segments in order 
to align homologous segments . ✓VX" in the middle of a 
sequence indicates ambiguity xrf the corresponding nucleotide 
sequence and, possible termination of the ORF at the "X" 
residue site. "X" at the end of a\sequence indicates 
termination of the ORF at the "X" residue site. The 
numbering of the amino acid residues is\shown at the bottom 
of each figure and is based on the Arabidtosis SCR amino acid 
sequence. Conserved Motifs I through VI ark indicated by the 
various dashed lines above the figures. The n^w and old 
yJ names of the family members are shown in FIG. 15X^ The 

JIT sequences of SCR, Tf 1 and Tf 4 are of the complete SCR 

y3 protein. See Table 1 for the identity and the sequem 

identifier number of each sequence shown in these figure 
25 FIGS. 16A-M. The partial nucleotide sequences of 

several plant members of the SCARECROW family of genes. "N" 
indicates an unknown base. See Table 1 for the identity and 
the sequence identifier number of each sequence shown in 
these figures. 

30 FIG. 17A. The partial nucleotide sequence (SEQ ID 

NO: 66) of the maize ZCR gene. 

FIG. 17B. The partial amino acid sequence (SEQ ID 
NO: 67) of the maize ZCR gene. The underlined sequence shares 

approximately 8 0% sequence identity with a corresponding 

35 

sequence of Arabidopsis SCR protein. 



20 
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FIG. 18. Comparison of the partial amino acid 
sequences of several SCR ortholog sequences amplified from 

the genomes of carrot , soybean and spruce. The SCLdl and 

SCLpl sequences each were obtained by PCR amplification using 

a combination of IF and 1R primers. The SCLgl sequence was 

obtained by PCR amplification using a combination of IF and 
WP primers. See, for example, Section 5.1.1., infra. The 

amino acid sequences are aligned in a manner that maximizes 
10 amino acid sequence identity and similarity amongst these 

sequences. Each sequence shown is continuous except where 

noted otherwise; the dashes are inserted between two sequence 

segments in order to allow alignment of homologous segments. 

"x" in the middle of a sequence indicates ambiguity in the 
15 corresponding nucleotide sequence and, possible termination 

of the ORF or existence of an intron at the "x" residue site. 

See Table 1 for the identity and the sequence identifier 

number of each sequence shown in this figure. 

FIG. 19. Comparison of promoter activities in 
2 0 transgenic lines and roots. Panel a. A stably transformed 

line containing four copies of the B2 subdomain of the 3 5S 
promoter of CaMV upstream of GUS (Benfey et al., 1990). GUS 
is expressed in the root tip. Panel b. Roots emerging from 

callus transformed with four copies of the B2 subdomain of 

25 

the 35S promoter fused to GUS. GUS expression can be seen in 
the emerging root tips (arrows) . Panel c. Higher 

magnification of a root emerging from the callus in panel b. 
GUS is clearly restricted to the root tip. The morphology of 
roots regenerated from calli often appears abnormal. Panel 

30 

d. A transgenic plant regenerated from the calli and roots 

shown in panel b. GUS expression in this plants appears to 
be similar to that of the original line shown in panel a. 
Panel e. ET199, a stably transformed line that contains an 

35 enhancer trapping construct with a minimal promoter fused to 
the GUS coding region inserted 1 kb upstream from the SCR 

coding region. GUS expression is primarily in the endodermal 
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layer of the root* Panel f. Roots emerging from calli 
transformed with the SCR promoter :: GUS construct. Expression 

of the GUS gene appears to be limited to an internal layer 
(arrows). Panel g. SCR promoter :: GUS transformed root in 
liquid culture. Roots shown in panel f were excised and 
transferred to liquid cultures. GUS expression is primarily 
found in the endodermal layer as in ET199. The expression of 
GUS in the quiescent center, as seen here, is also sometimes 

m ^ observed in ET199. Bar, 50um. 
10 

FIG. 20. Analysis of SCR promoter activity in the 
scr mutant background. Panel a. Roots emerging from scr 
calli transformed with the SCR promoter :: GUS construct. 
Roots regenerated from scr calli are very short. GUS 
15 expression appears to be limited to an internal layer of the 
root (arrows) . Panel b. Root regenerated from transformed 

scr calli and transferred to liquid culture. The scr 
phenotype, a single layer between the epidermis and 
20 pericycle, is easily seen. GUS expression is limited to this 
mutant layer. E, Epidermis. M, Mutant Layer. P, Pericycle. 
Bar, SOjLim. 

FIG. 21. Molecular Complementation of the scr 
mutant. Panels a, c and e. scr transformed with the SCR 
25 pr omoter : : GUS construct. Panels b, d and f. scr transformed 
with the SCR promoter: :SCR coding region construct. Panels a 
and b. Roots emerging from scr calli. Arrows point to 
several very short roots among many fine root hairs in the 
scr calli transformed with the SCR promoter :: GUS construct. 

30 

In contrast, roots from scr calli transformed with the SCR 
promoter :: SCR coding region construct appeared to be 
wild-type in length, suggesting molecular complementation by 
the transgene. Panels c and d. Transgenic roots in liquid 
35 culture. The scr roots transformed with the SCR 
promoter :: GUS construct appeared short, while those 
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transformed with the SCR promoter: :SCR coding region 

construct appeared of wild-type length. Panels and f. 

Transverse sections through roots emerging from calli. 
Whereas there is only a single cell layer between the 

5 

epidermis and stele in the SCR promoter :: GUS transformed 
root, the radial organization of the root transformed with 
the SCR promoter :: SCR coding region appeared identical to 

wild-type, with both cortex and endodermal layers. E, 
10 epidermis. M, mutant layer. C, cortex. En, Endodermis. P, 
Pericycle. Bar, 50^m 

FIGS. 2 2A-F. Expression of ZCR in maize root tips. 
FIG. 22A. Expression of ZCR is in the endodermal layer and 

extends down through the region of the guiescent center. 
15 FIGS. 22B-C. Higher magnification showing expression in a 

single cell layer through the quiescent center. FIG. 22D. 
Expression of ZCR in the maize embryonic root. FIG. 2 2E. 

Higher magnification showing expression in the embryonic 
root. FIG. 22F. Expression of ZCR in the maize lateral 

20 

root. 

FIGS. 2 3 A-B. Root apical meristems of maize and 
Arabidopsis. Both show a type of a closed meristem in which 
all files of cells converge onto a pole at the root apex, 

25 making the boundary between the root proper and the root cap 
discrete. FIG. 23A. A schematic representation of the 
monocotyledonous closed-type of root apical meristem of 
maize. FIG. 2 3B. A schematic representation of the 
dicotyledonous closed-type of root apical meristem of 

30 Arabidopsis. 

FIGS. 24A-G. Embryo development in Maize. 
FIG. 24A. Three-celled embryo establishing the initial 
asymmetry and showing the first division of a terminal cell. 
FIGS. 24B-C. Embryos showing embryo proper and suspensor. 

35 FIGS. 2 4D-E. Embryos showing radial asymmetry and the 
initial development of shoot and root apical meristems. 



- 21 - 



DCl - 209786.1 



Sol C3) 



\SobC4 



o 



I 1=5 



0." 



FIGS. 24F-G. Embryos showing the elaborate organization of 
shoot and root apical meristems. 

25. Maize scarecrow gene. The nucleotide and 

deduced amino acidsScrwicG of 

- - - t>eqt«ice or tbe maize scarecrow gene (ZCR) 

,r number'g-^ace^shown on the right 

while the nucleotides are numbered on the" 

d ZCR and Arabidop^is^^^3eh^^"^S^ ignmen 
^V- * ^-^"-^gentTeai residues are marked by 

iq asterisks. m addition, threec^lgs-ef^n LXXLL motif are 
underlined . 

FIGS. 27A-G. Maize Scarecrow gene expression 
during regeneration of the root apex following excision of 
the QC. FIGS. 27A-B. Immediately after removal of the root 
cap and excision of the QC, no significant alteration in the 
expression pattern was observed. FIGS. 27C-D. Maize 
expression pattern 24 hours following excision of the QC 
These figures show isolated expression of the gene between 
cell files. fig. 27E. Expression 48 hours following 
excision of the QC. This figure shows that the root tip has 
regained much of its normal shape, although the cell files 
have not organized into the converging files seen in normal 
roots. FIG. 27F. Expression 72 hours following excision of 
the QC. At this stage, the expression pattern resembles that 
found m the unexcised root. FIG. 27G. Expression 96 hours 
following excission of the QC. At this stage, the expression 

±T! 1 G&^ 28A-AR Tho 7T/^ . . - (Jc&fe UVl„__ t . 

itimo 
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\ 0^ 

/ the SCARECROW 

' 30 

unknown base. 
— — identifier number 



ike (SCL) gene 



ls EST • s that encode members of 



"N" indicates an 



See Table 2 for the identTty^d^he sequence 



shown in these f ; 



higt 



Uerved region of the GRAS products 



can be divided into five r^g^biemotif s, indicated in 
the figure. See also, for example, SectlBft^i^, infra. 
The absolutely conserved residues within the VHIID 
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i^ifs are highlighted in bold, as are the hydrophobic 
residue£--<af^the leucine heptads, the P-F-Y-R-E residues of 
the PFYRE moti?7^and the twp short sequences that define the 
end of the VHIID motif^^Tt^^ie beginning of the PFYRE motif. 
5 The @ symbol in the alignment lrKtic^tes the location of an 
apparent insertion in the SCL3 gene, Tli^d^duced amino acid 

sequence of the insertion is shown at the bottom 

figure. 

FIG. 30. RNA Gel Blot. mRNA from siliques (Si) 
10 and 14 day old shoots (Sh) and roots (R) was isolated and 
analyzed by RNA gel blot hybridization with specific 
antisense digoxygenin-labeled probes. The SCLs analyzed are 

all expressed within the roots, and many of them are 
expressed in all of the organs tested. As the amount of 

15 

mRNA loaded on the gels and the exposure times for all of 
these blots varied, direct comparisons of the levels of 
expression are not possible. Detection of SCL1, however, 

required significantly shorter exposures than the others, and 
2Q SCLS, SCL1 and SCL9 required significantly longer exposures 

^ and more mRNA. A representative ethidium bromide-stained RNA 

gel is shown below as a loading control. 

FIG. 31. In situ Hybridizations with SCR and SCL3 . 

Transverse sections (a, b, and d) and a longitudinal section 
25 (c) of 7 day old roots were hybridized with either an 

antisense SCR riboprobe (a) , an antisense SCL3 riboprobe (b 
and c) or a sense SCL3 riboprobe (d) . Strong signal is 
observed in the endodermis with the antisense SCR probe and 
the antisense SCL3 probe, but not with the sense SCL3 probe. 

30 

Scale bars in (a) and (c) are both 25 mm. The magnification 
is the same in panels (a), (b) , and (d) . 

FIG. 32. RNA Blot Analysis. An RNA blot analysis 
in which either total RNA or poly-A selected RNA from roots 
35 (R) and shoots (S) were probed with the full-length ZCR cDNA. 

The hybridizing band is approximately 2.6 kilobases. 
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CBPBTT44 Partial cDNA and Amino Acid 



iaT nucleol 



Sequence 

CBPBTT44, a closely related gene to the maize lie. 



amino acid sequence of 



maize ZCR and the CB 



Alignment of the Arabidopsis SCR, the " T 

ejr As shown in 



44 amino >^cid sequence 




6^0 C6/ bold, all three genes contain tfi^-l^ucine heptad repeats. 

/ The alignment further shows that all thre^-g^nes share a high 
degree of homology. 



10 



FIG. 35. Southern Blot Analysis. A Southern of 
maize genomic DNA probed with (left) the maize ZCR cDNA, 

wherein the M H" lane represents DNA digested with Hindlll and 
the M RV" lane represents DNA digested with EcoRV restriction 
enzymes; (right) gene-specific probes (A) maize ZCR cDNA for 

15 comparison; (B) maize ZCR gene-specific probe and (C) 

CBPBTT44 gene-specific probe. The results demonstrate that 
CBPBTT44 is the source of the other hybridizing bands picked 
up by the maize ZCR cDNA. 
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20 5. DETAILED DESCRIPTION OF THE INVENTION 

The invention relates to the SCARECROW (SCR) gene; 

SCARECROW-like (SCL) genes, SCR gene products, including, but 

not limited to, transcriptional products such as mRNAs, 
2 5 antisense and ribozyme molecules, translational products such 
as the SCR protein, polypeptides, peptides and fusion 
proteins related thereto; antibodies to SCR gene products; 

SCR regulatory regions; and the use of the foregoing to 

improve agronomically valuable plants. 

In summary, the data described herein show the 
identification of SCR, a gene involved in the regulation of a 

specific asymmetric division, in controlling gravitropic 
response in aerial structures, and in controlling pattern 
formation in roots. Sequence analysis shows that the SCR 
protein has many hallmarks of transcription factors. In situ 
and marker line expression studies show that SCR is expressed 
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in the cortex / endoderma 1 initial of roots before asymmetric 
division occurs, and in the quiescent center of regenerating 
roots. Together, these findings indicate that the SCR gene 

regulates key events that establish the asymmetric division 
5 that generates separate cortex and endoderma 1 cell lineages, 
and that affect tissue organization of roots. The 
establishment of these lineages is not required for cell 
differentiation to occur, because in the absence of division, 
the resulting cell acquires mature characteristics of both 
10 cortex and endodermal cells. However, it is possible that 
SCR functions to establish the polarity of the initial before 

cell division, or that it is involved in generating an 
external polarity that has an effect on asymmetric cell 
division. 

15 

Genetic analysis indicates that SCR expression 

affects gravitropism of plant stems, hypocotyls and shoots. 
This indicates that SCR is expressed also in these aerial 

structures of plants. 
20 Th e SCR genes and promoters of the present 

invention have a number of important agricultural uses. The 
SCR promoters of the invention may be used in expression 

constructs to express desired heterologous gene products in 
the embryo, root, root nodule, and starch sheath layer in the 
25 stem of transgenic plants transformed with such constructs. 
For example, SCR promoters may be used to express disease 

resistance genes such as lysozymes, cecropins, maganins or 
thionins for anti-bacterial protection, or the pathogenesis- 
related (PR) proteins such as glucanases and chitinases for 
0 anti-fungal protection. SCR promoters also may be used to 
express a variety of pest resistance genes in the 
aforementioned plant structures and tissues. Examples of 
useful gene products for controlling nematodes or insects 
^ include Bacillus thuringiensis endotoxins, protease 

inhibitors, collagenases, chitinase, glucanases, lectins and 
glycosidases . 
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Gene constructs that express or ectopically express 
SCR, and the SCR- suppress ion constructs of the invention, may 

be used to alter the root and/or stem structure, and the 
gravitropism of aerial structures of transgenic plants. 
Since SCR regulates root cell divisions, overexpression of 

SCR can be used to increase division of certain cells in 

roots and thereby form thicker and stronger roots. Thicker 
and stronger roots are beneficial in preventing plant 
lodging. Conversely, suppression of SCR expression can be 

used to decrease cell division in roots and thereby form 
thinner roots. Thinner roots are more efficient in uptake of 
soil nutrients. Since SCR affects gravitropism of aerial 
structures, overexpression of SCR may be used to develop 

"straighter" transgenic plants that are less susceptible to 
lodging. 

Further, the SCR gene sequence may be used as a 

molecular marker for a quantitative trait, e.g., a root or 

gravitropism trait, in molecular breeding of crop plants. 

For purposes of clarity and not by way of 
limitation, the invention is described in the subsections 
below in terms of (a) SCR genes and nucleotides; (b) SCR gene 

products; (c) antibodies to SCR gene products; (d) SCR 

promoters and promoter elements; (e) transgenic plants which 
ectopically express SCR; (f) transgenic plants in which 

endogenous SCR expression is suppressed; and (g) transgenic 

plants in which expression of a transgene of interest is 
controlled by the SCR promoter. 

5.1. SCR GENES 

The SCARECROW genes and nucleotide sequences of the 

invention include: (a) a gene listed below in Tables 1 or 2 
(hereinafter, a gene comprising any one of the nucleotide 
sequences shown in FIG. 5A, FIG. 8, FIG. 9, FIG. 10, FIGS. 
11A-B, FIGS. 12A-B, FIGS. 16A-M, FIG. 17A, FIG. 25 or FIGS. 



- 26 - 



DCl - 209786.1 



28A-AH, or a segment of such nucleotide sequences) , or as 
contained in the clones described herein and deposited with 
the ATCC (see Section 13, infra); (b) a nucleotide sequence 
that encodes a protein comprising any one of the amino acid 
5 sequences shown in FIG. 5A, FIG. 5D, FIG. 5E, FIG. 8, FIG. 9, 
FIGS. 11A-B, FIGS. 13A-F, FIGS. 15A-S, FIG. 17B, FIG. 18 or 
FIG. 25, or a segment of such amino acid sequences, or that 
is encoded by any one of the genes and/ or nucleotide 
sequences listed by their sequence identifier numbers in 

10 Tables 1 or 2 , or any segment of such genes and/or nucleotide 
sequences, or contained in any one of the clones described 
herein and deposited with the ATCC (see Section 13, infra); 
(c) any gene comprising a nucleotide sequence that hybridizes 
to the complement of any one of the genes and/ or nucleotide 

15 sequences listed by their sequence identifier numbers in 

Tables 1 or 2 , or any segment of such genes and/or nucleotide 
sequences, or as contained in any one of the clones described 
herein and deposited with the ATCC, under highly stringent 
conditions, e.g., hybridization to filter-bound DNA in 0.5 M 

20 NaHP0 4 , 7% sodium dodecyl sulfate (SDS) , 1 mM EDTA at 65°C, 
and washing in 0.1xSSC/0.1% SDS at 68°C (Ausubel F.M. et al., 
eds., 1989, Current Protocols in Molecular Biology, Vol. I, 
Green Publishing Associates, Inc., and John Wiley & sons, 
Inc., New York, at p. 2.10.3) and that encodes a gene product 

25 

functionally equivalent to SCR gene product encoded 

completely or partly by any one of the genes and/ or sequences 
listed in Tables 1 or 2 or any segment of such genes and 
nucleotide sequences, or as contained in any one of the 
clones deposited with the ATCC; (d) any gene comprising a 

30 

nucleotide sequence that hybridizes to the complement of any 
one of the sequences listed by their sequence identifier 
numbers in Tables 1 or 2 , or any segment of such nucleotide 
sequences, or as contained in any one of the clones described 
herein and deposited with the ATCC, under less stringent 
conditions, such as moderately stringent conditions, e.g., 

washing in 0.2xSSC/0.1% SDS at 42 °C (Ausubel et al., 1989, 
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supra) , and which encodes a functionally equivalent SCR gene 

product; (e) any gene comprising a nucleotide sequence that 
hybridizes to the complement of any one of the sequences 
listed by their sequence identifier numbers in Tables 1 or 2 
or any segment of such nucleotide sequences, or as contained 
in any one of the clones described herein and deposited with 
the ATCC, under the following low stringency conditions: pre- 
hybridization in hybridization solution (HS) containing 43% 
formamide, 5xSSC, 1% SDS, 10% dextran sulfate, 0.1% sarkosyl, 
2% block (Genius kit, Boehringer -Mannheim) , followed by 
hybridization overnight at 3 0 to 3 3°C using as a probe a DNA 
molecule of approximately 1.6 kb of SEQ ID NO: 1 at a 
concentration of 20 ng/ml f followed by washing in 2xSSC/0.1% 
SDS two times for 15 minutes at room temperature and then two 
times at 50°C, and which encodes a functionally equivalent 
SCR gene product; and/or (f) any gene comprising a nucleotide 

sequence that encodes a polypeptide or protein containing the 
consensus sequence for SCR (i.e., MOTIF III or VHIID) shown 

in FIGS. 13B-D or a segment of such polypeptide or protein. 
The partial and complete nucleotide and amino acid sequences 
of SCR genes and encoded proteins and polypeptides included 
in the invention are listed in Tables 1 or 2 below. 
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Table 1. 

New Name Old Name 
5 ARABIDOPSIS 



SCR ORTHOLOGS AND PARALOGS 
EST Clone 1 



SEQ ID NOs 
Nucleotide 3 Amino Acid 







SCLal 


1110 


Z25645/33772 


22 


23 






SCLa2 


Tf4 


Z34599 


— 


35* 






SCLa3 


3935 


Z37192/1 
N96166 


20 


21 




10 


SCLa4 


4818 


F13896/7 


18 


19 






SCLa5 


4871 


F13949 


45 


46 






<^CLa6 


i o o o 


K29793 


rr -i 

b 1 


o2 






SCLal 


3635 


T21627 


55 


56 










H76979 






?4 

fft 


15 


SCLa8 


Tf 1 


N96767 

T46205 (9468) 


— 


34 


y \ 








N96653 (21711) 






y i 




SCLa9 


10964 


T78186 


47 


48 










T44774 






I 

s 




SCLalO 


J L U J. 


X / U t: O J 


AO 






20 


SCLal 1 


18652 


N37425 


53 


54 


S 3 

w 




SCLal2 


23196 


W43803 


57 


58 


o 








VJ435138 














AA042397 












33/08 


T46008 




41 




25 


SCR 
RICE 


Scr 


_ o 

N. A. 


-t- 

1 


2 








713 


D15490 




43 






SCLo2 


2504 


D40482 




44 




30 






D40607 












D40800 
D41389 










SCLo3 


3989 


D41474 




36 






SCLo4 


11846 


C20324 




59 






MAIZE 












35 




N.A. 


N. A* 










SCLml 


18310 


T18310 




37 
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Table 1. (Continued) 



10 



New Name 
BRASS I CA 
SCLbl 

CARROT 
SCLdl 

SOYBEAN 
SCLgl 

SPRUCE 
SCLpl 



Old Name EST Clone 1 



174 



N.A. 



N.A. 



N.A. 



H74669 



N.A. 



N.A. 



N.A. 



SEQ ID NOs 
Nucleotide 3 Amino Acid 



42 



60 



62 



64 



61 



63 



65 



%* s 



15 



Each EST clone is identified by its GenBank accession 
number. Each EST clone corresponds to a deposit of a 
cDNA sequence that matches a part of the nucleotide 
sequence of the corresponding SCR ortholog or paralog, 



N.A. = not applicable. 



I 9 3 



2 0 3 The partial or complete nucleotide sequence of the SCR 
orthologs and paralogs listed here are shown in FIGS. 
5A, 8, 9, 10, 11A-B, 12A-B, 16A-M, 17A and 25. 



25 



Contains the complete coding sequence of Arabidopsis SCR 
gene. 

Contains the complete amino acid sequence of Arabidopsis 
SCLa2 , SCLa8, or SCR protein. 



30 



35 
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Designation 


Accession Numbers 


Accession Number 
Complete EST 
Sequence 


Map Position 


SCL1 


Z25645/33772. 
B10318. 81 1 686 


AF0360300 


1: m235-g3829 (Rl) 


GAI 


234183. Z34599. 
T22782, Y11337. 
Y15193. B62171 




1: ve006-ve007 
(CIC3G6. 4H9, and 11C3) 


SCL3 


Z37192/Z37191. 
N96166. B20233. 
B18969 


AF0360301 


1: m213 

(CIC 1G8. 4H4. 8G4) 


SCL4 


Z46550, Z38048, 

Z38085. B22400, 

B23696 

G: AB010700 




5 (genomic clone) 


SCL5 


F13896/F 13897. 
AA395075 


AF0360302 


1: m213 (Rl) 


SCL6 


F 13949 

G:AC004708. 

(WASHU003) 


AF0360303 


4: mi51 

(CIC 2C7. 5B11. 5C11. 10C8) 
(genomic clone) 


SCL7 


R29793 


AF0360304 


3: COs4. m457 
(CIC 8E2. 8E1, 901) 


SCL8 


T21627, H76979, 
N96767. T43670 
AA395639. 877404 


AF0360305 


5: PAP003 
(CIC 11F10) 


SCL9 


T76186. T44774 

G:AC004684. 

B25776 


AF0360306 


2: ve018-nga168 
(CIC 10F12) 
(genomic clone) 


RGA 


T45793. T46205. 
N96653. Y11336. 
Y15194 




2: ve012 

(C1C7C11. 2F4. and 6G2) 


SCL11 


T76483. AA394557. 
AA605493 


AF0360307 


NP 


SCL12 


F16146 






SCL13 
(VHS4) 


F 15454. N37425. 
AA720344. 
R29917 
G: Z97343 


AF0360308 


4: g4539-mi112 

(CIC 403. 6G4. 2B8. 5E12. 

7G8. 12B9) 

(qenomic clone) 


SCL14 


W43803. W43538. 
AA042397 


AF0360309 


NP 


SCL15 
(VHS5) 


N65163 
G: Z99708 




4 (genomic done) 


SCL16 


G: AB007645 




5 (genomic clone) 


RGL 


AJ224957 






SCL18 


B10115. 830030. 
G:AC002328 




1: mi209.nga280.nga1 28 
(BAC F20N2) 
(genomic clone) 


SCL19 


Z26055. B62171. 
B62460 






SCR 


U62798 




3: ve042-ve022 
(CIC 11 G5. 907) 



Table 2 
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Functional equivalents of the SCR gene product 

include any plant gene product that regulates plant embryo or 
root development, or, preferably, that regulates root cell 
division or root tissue organization, or affects gravitropism 
5 of plant aerial structures (e.g., stems and hypocotyls) . 

Functional equivalents of the SCR gene product include 

naturally occurring SCR gene products, and mutant SCR gene 

products, whether naturally occurring or engineered. 

10 The invention also includes nucleic acid molecules, 

preferably DNA molecules, that hybridize to, and are 
therefore the complements of the nucleotide sequences (a) 
through (f ) , in the first paragraph of this section. Such 
hybridization conditions may be highly stringent, less highly 

15 stringent, or low stringency as described above. In 
instances wherein the nucleic acid molecules are 
oligonucleotides ("oligos") , highly stringent conditions may 
refer, e.g., to washing in 6xSSC/0.05% sodium pyrophosphate 

at 37°C (for 14-base oligos) , 48°C (for 17-base oligos) , 55°c 
20 (for 20-base oligos) , and 60°C (for 23-base oligos) . These 
nucleic acid molecules may act as SCR antisense molecules, 

useful, for example, in SCR gene regulation and/ or as 

antisense primers in amplification reactions of SCR gene 

^ and/ or nucleic acid sequences. Further, such sequences may 
be used as part of ribozyme and/or triple helix sequences, 
also useful for SCR gene regulation. Still further, such 

molecules may be used as components in probing methods 
whereby the presence of a SCARECROW allele may be detected. 

30 The invention also includes nucleic acid molecules, 

preferably DNA molecules, which are amplified using the 
polymerase chain reaction under conditions described in 



35 
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Section 5.1.1., infra, and that encode a gene product 
functionally equivalent to a SCR gene product encoded by any 
one of the genes and sequences listed in Tables 1 or 2 or as 
contained in any one of the clones described herein and 
deposited with the ATCC. 

The invention also encompasses (a) DNA vectors that 
contain any of the foregoing gene and/or coding sequences 
and/or their complements (i.e., antisense or ribozyme 
molecules) ; (b) DNA expression vectors that contain any of 
the foregoing gene and/or coding sequences operatively 
associated with a regulatory element that directs the 
expression of the gene and/or coding sequences; and (c) 
genetically engineered host cells that contain any of the 
foregoing gene and/or coding sequences operatively associated 
with a regulatory element that directs the expression of the 
gene and/or coding sequences in the host cell. As used 
herein, regulatory elements include, but are not limited to, 
inducible and non-inducible promoters, enhancers, operators 

2Q and other elements known to those skilled in the art that 
drive and regulate expression. 

The invention also encompasses nucleotide sequences 
that encode mutant SCR gene products, peptide fragments of 
the SCR gene product, truncated SCR gene products and SCR 

2 5 fusion proteins. These gene products include, but are not 
limited to, nucleotide sequences encoding mutant SCR gene 
products; polypeptides or peptides corresponding to one or 
more of the Motifs I -VI as shown in FIGS. 13A-F and FIGS. 
15A-S, or the bZIP, VHIID, or leucine heptad domains of the 

30 SCR, or portions of these motifs and domains; truncated SCR 
gene products in which one or more of the motifs or domains 
is deleted, e.g., a truncated, nonfunctional SCR lacking all 
or a portion of the Motifs I -VI as shown in FIGS. 13A-F and 
FIGS. 15A-S, or the bZIP, VHIID, or leucine heptad domains of 
the SCR. Nucleotides encoding fusion proteins may include, 
but are not limited to, full length SCR, truncated SCR or 
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Ill 



peptide fragments of SCR fused to an unrelated protein or 
peptide, such as, for example, an enzyme, fluorescent protein 
or luminescent protein which can be used as a marker. 

In particular, the invention includes, for example, 
5 fragments of SCR genes encoding one or more of the following 

domains as shown in FIG. 5E: amino acids 1-264, 265-283, 287- 
316, 410-473, 436-473, and 473-653. 

In addition to the gene and/ or coding sequences 
described above, homologous SCR genes, and other genes 

related by DNA sequence, may be identified and may be readily 
isolated, without undue experimentation, by molecular 
biological techniques well known in the art. More 
specifically, such homologs include, for example, paralogs 
(i.e., members of the SCR gene family occurring in the same 

15 

plant) as well as orthologs (i.e., members of the SCR gene 

family which occur in a different plant species) of the 
Arabidopsis SCR gene. 

A specific embodiment of a SCR gene and coding 
20 sequence of the invention is Arabidopsis SCR (FIGS. 5A and 
5E) . Other specific embodiments include the various SCR 
genes and coding sequences listed in Tables 1 or 2 , supra. 

Methods for isolating SCR genes and coding 

25 sequences are described in detail in Section 5.2, below. 

SCR genes share substantial amino acid sequence 

similarities at the protein level and nucleotide sequence 
similarities in their encoding genes. The term 
"substantially similar" or "substantial similarity" when used 

30 herein with respect to two amino acid sequences means that 
the two sequences have at least 75% identical residues, 
preferably at least 85% identical residues and most 
preferably at least 95% identical residues. The same term 
when used herein with respect to two nucleotide sequences 

35 means that the two sequences have at least 70% identical 

residues, preferably at least 85% identical residues and most 
preferably at least 9 5% identical residues. Determining 
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whether two sequences are substantially similar may be 
carried out using any methodologies known to one skilled in 
the art, preferably using computer assisted analysis. For 
example, the alignments shown herein were initially 
5 accomplished by a BLAST search (NCBI using the BLAST network 
server) . The final alignments of SCR family members were 

done manually. 

Moreover, SCR genes show highly localized 

expression in embryos and, particularly, roots. Such 
expression patterns may be ascertained by Northern 
hybridizations and in situ hybridizations using antisense 

probes . 



15 



5.1.1. ISOLATION OF SCR GENES 

The following methods can be used to obtain SCR and 

g *y SCL genes and coding sequences from a wide variety of plants, 

Oj including, but not limited to, Arabidopsis thaliana, Zea 

g mays, Nicotiana tabacum, Daucus carota, Oryza, Glycine max, 

h 20 

Lemna gibba and Picea abies . 

H Nucleotide sequences encoding an SCR gene, an SCL 

gene or portions thereof may be obtained by PCR amplification 
^ of plant genomic DNA or cDNA. Useful cDNA sources include 

25 "free" cDNA preparations (i.e., the products of cDNA 

synthesis) and cloned cDNA in cDNA libraries. Root cDNA 
preparations or libraries are particularly preferred. 

The amplification may use, as the S'-primer (i.e., 

forward primer) , a degenerate oligonucleotide that 
30 corresponds to a segment of a known SCR amino acid sequence, 
preferably from the amino-terminal region. The 3 1 -primer 
(i.e., reverse primer) may be a degenerate oligonucleotide 

that corresponds to a distal segment of the same known SCR 
amino acid sequence (i.e., carboxyl to the sequence that 

35 

corresponds to the 5 1 -primer). For example, the amino acid 
sequence of the Arabidopsis SCR protein (SEQ ID NO: 2) may be 
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used to design useful 5- and 3 - primers. Preferably, the 
primers corresponds to segments in the Motif ill or VHIID 
domain of SCR protein (see FIGS. 13B-D and FIGS. 15K-L) . The 
sequence of the optimal degenerate oligonucleotide probe 
5 corresponding to a known amino acid sequence may be 

determined by standard algorithms known in the art. See for 
example, Sambrook et al., Molecular rionin.r A T. a ^^^ ry 
Manual, 2nd ed. , Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY, Vol 2 (1989) . 
10 Further, for amplification from cDNA sources, the 

3 '-primer may be an oligonucleotide comprising an 3- 
oligo(dT) sequence. The amplification also may use as 
primers nucleotide sequences of SCR and SCL genes or coding 
sequences (e.g., any one of the scr sequences and EST 
y? sequences listed in Table 1 and Table 2). 

JJJ PCR am P lifi cation can be carried out, e.g., by use 

| ° f 3 Perk in-Elmer Cetus thermal cycler and Tag polymerase 

(if (Gene Amp") . one can choose to synthesize several different 

q 2 0 degenerate primers for use in the PCR reactions. It also is 

y possible to vary the stringency of hybridization conditions 

g used in priming the PCR reactions, to allow for greater or 

1 leSSer de ^ ee « of nucleotide sequence similarity between the 

■u degenerate primers and the corresponding sequences in the 

25 cDNA library. One of ordinary skill in the art will know 
that the appropriate amplification conditions and parameters 
depend, in part, on the length and base composition of the 
primers and that such conditions may be determined using 
standard formulae. Protocols for executing all PCR 
30 procedures discussed herein are well known to those skilled 
in the art, and may be found in references such as Gelfand, 
1989 ' PCR Technology, Principles a r r T icati nng foy . nMa ' 

Amplification , H.A. Erlich, ed. , Stockton Press, New York; 
and Current Protoc ols Tn M olecular- mm^ , vol. 2, Ch. 15, 
35 Ausubel et al., eds 1988, New York, Wiley & Sons, inc. 

A PCR amplified sequence may be molecularly cloned 
and sequenced. The amplified sequence may be utilized as a 
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probe to isolate genomic or cDNA clones of a SCR gene, as 

described below. This, in turn, will permit the 
determination of a SCR gene's complete nucleotide sequence, 

including its promoter, the analysis of its expression, and 
the production of its encoded protein, as described infra. 

In a preferred embodiment, PCR amplification of SCR 

gene and/ or coding sequences can be carried out according to 
the following procedure: 



TIMERS : 



in 



rs A. A. cocu 
^JPNA Sequeri* 

Name: 
A. A. code: 
DNA Sequence: 



20 



Name: 

A. A. code: 
DNA Sequence: 

Reverse: 



Name: 
r A. A* code: 
DNA Sequence : 

Name: 
£X^,A.A. code: 
£^jDNA Sequence : 

Name: 
(\^A . A . code : 
3Q DNA Sequence: 



I = inosine 
N - A/C/G/T 



SCR5AII . (23-mer, 2 inosines, 64-mix) 

HFTANQAI (JfeP ID ytffl \ 
5' CAT/C TTT/C ACI GCI AAT/C CAA/G GCN AT 3^ 

SCR5B (29-mer, 1 inosine, 144-mix) 

tfHIID (L/F) D N0M3S) 

5\ ACGTCTCGA GTI CAT/C ATA/C/T ATA/C/T GAT/C 



tt; 



if 

LQCAEAV" 



(T/C)TI CAJA/G) TG(T/C GCI GA (A/G) GCN Gt(86Q;£P ft/fl;^ 

G 

o^jah (^23-mer, 2 inosines, 128-mix) 

PGGPP(H/N/K) (V/L/feR» ($#70 A/0;tf£> /o , 

5' CG/T CCA/C GTG/T\TGG IGG ICC NCC NGG 3 J$ AfoUW 

AFQVFNGI (fcj? J ' - v v 

AT ICC (A/G) TT (A/G) AA IAS (C/T)TG (A/G) AA NGCpflPiO* d: 'S* 

4R 

qwpglfhi 063? i3> aJA: 

AT (A/G) TG (A/G) AA IA(A/G) NCC 3QG CCA (C/T) TGf^^Mm 



Useful primer combinations include the following: 
SCR5AII+SCR3AII; SCR5B+SCR3AII ; IF+IR; and IF+4R 



35 
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PCR: 



Reaction mixture (volume 50 Ail) : 

-5 ill 10X amplification buffer containing Mg (Boehringer- 
Mannheim) 

-1 Ml 10 roM dNTP's 

-1 iMl forward primer (stock concentration: 80 pmol/jul) 
-1 jil reverse primer (80 pmol/^l) 
-DNA (100-300 ng) . 

Begin reaction with "hot start" in which the enzyme is added 
to the mix only after a brief denaturation at a high 
temperature ( 8 0 ° C ) 



Cycles : 



94 °c 30 sec - brief denaturation (to prevent non-specific 
priming) 



80°C 

at 

94°C 



5 min - 



5 min - 



2 times: 



2 times: 



2 times: 



apply the enzyme to the tubes 
maximum) 

thorough denaturation 

94°C 1 min 

64 °C 5 min 

72°C 2 min 

94°C 1 min 

62 °C 5 min 

72°C 2 min 

94°C 1 min 

60°C 5 min 

72°C 2 min 



(30 tubes /round 



(reduce the annealing temperature 2°C in every second round) , 
until 44 °C is reached after that: 



40 times: 94°C 20 sec 

48°C 1 min 
72 °C 2 min 

finally, let cool down to 15°C. 



An SCR or SCL gene coding sequence also may be 

isolated by screening a plant genomic or cDNA library using 
an SCR or SCL nucleotide sequence (e.g., the sequence of any 

of the SCR or SCL genes and sequences and EST clone sequences 

listed in Table 1 and Table 2.) as a hybridization probe. 
For example, the whole, or a segment, of the Arabidopsis SCR 

nucleotide sequence (FIG. 5A) may be used. Alternatively, a 



- 38 - 



DCl - 209786.1 



SCR or SCL gene may be isolated from such libraries using a 
degenerate oligonucleotide that corresponds to a segment of a 
SCR amino acid sequence as a probe. For example, a 
degenerate oligonucleotide probe corresponding to a segment 
of the Arabidopsis SCR amino acid sequence (FIG . 5E) may be 



used. 



35 



In preparation of cDNA libraries, total RNA is 
isolated from plant tissues, preferably roots. Poly (A) + RNA 
^ is isolated from the total RNA, and cDNA prepared from the 
poly (A) + RNA, all using standard procedures. See, for 
example, Sambrook et al., Molecule rionin a; a t.^iL^^ 
Manual, 2d ed. , Vol. 2 (1989). The cDNAs may be synthesized 
with a restriction enzyme site at their 3 • -ends by using an 
appropriate primer and further have linkers or adaptors 
attached at their 5 '-ends to facilitate the insertion of the 
cDNAs into suitable cDNA cloning vectors. Alternatively, 
adaptors or linkers may be attached to the cDNAs after the 
completion of cDNA synthesis. 
20 In Proration of genomic libraries, plant DNA is 

isolated and fragments are generated, some of which will 
encode parts of the whole SCR protein. The DNA may be 
cleaved at specific sites using various restriction enzymes 
Alternatively, one may use DNase in the presence of manganese 
>s to fragment the DNA, or the DNA can be physically sheared, as 
for example, by sonication. The DNA fragments can then be 
separated according to size by standard techniques, 
including, but not limited to, agarose and polyacrylamide gel 
electrophoresis, column chromatography and sucrose gradient 
centr if ugation . 

0 

The genomic DNA or cDNA fragments can be inserted 
into suitable vectors, including, but not limited to, 
plasmids, cosmids, bacteriophages lambda or T 4 , and yeast 
artificial chromosome ( YAC) [See, for example, Sambrook et 
a1 -' M °lecular Cloning: A Laboratory M,nn a1 , 2d ed>/ Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, New York 
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(1989); Glover, D.M(ed.), DNA Cloning: A Practical Approach , 
MRL Press, Ltd., Oxford, U.K., Vols. I and II (1985)]. 

The SCR or SCL nucleotide probe, DNA or RNA, should 

be at least 17 nucleotides, preferably at least 26 
5 nucleotides, and most preferably at least 50 nucleotides in 
length. The nucleotide probe is hybridized under moderate 
stringency conditions and washed either under moderate, or 
preferably under high stringency conditions. Clones in 
libraries with insert DNA having substantial homology to the 
10 SCR or SCL probe will hybridize to the probe. Hybridization 

of the nucleotide probe to genomic or cDNA libraries is 
carried out using methods known in the art. One of ordinary 
skill in the art will know that the appropriate hybridization 
and wash conditions depend on the length and base composition 

15 

of the probe and that such conditions may be determined using 
standard formulae. See, for example, Sambrook et al., 
Molecular Cloning: A Laboratory Manual , 2nd ed., Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY, Vol. 2, 
(1989) pp 11.45-11.57 and 15.55-15.57. 

20 

The identity of a cloned or amplified SCR gene 

sequence can be verified by comparing the amino acid 
sequences of its three open reading frames with the amino 
acid sequence of a SCR gene (e.g., Arabidopsis SCR protein 

25 [SEQ ID No: 2]). A SCR gene or coding sequence encodes a 

protein or polypeptide whose amino acid sequence is 
substantially similar to that of a SCR protein or polypeptide 
(e.g., the amino acid sequence of any one of the SCR proteins 

and/or polypeptides shown in FIG. 5A, 5E, FIG. 8, FIG. 9, 
30 FIGS. 11A-B, FIGS. 15A-S, FIG. 17B, FIG. 18 and FIG. 25). 

The identity of the cloned or amplified SCR gene sequence may 

be further verified by examining its expression pattern, 
which should show highly localized expression in the embryo 
and/ or root of the plant from which the SCR gene sequence was 

35 

isolated. 
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Comparison of the amino acid sequences encoded by a 
cloned or amplified sequence may reveal that it does not 
contain the entire SCR gene or its promoter- In such a case, 

the cloned or amplified SCR gene sequence may be used as a 

5 

probe to screen a genomic library for clones having inserts 
that overlap the cloned or amplified SCR gene sequence. A 

complete SCR gene and its promoter may be reconstructed by 

splicing the overlapping SCR gene sequences* 

10 

5.1.2. EXPRESSION OF SCR GENE PRODUCTS 

SCR proteins, polypeptides and peptide fragments, 
mutated, truncated or deleted forms of SCR and/ or SCR fusion 
proteins can be prepared for a variety of uses, including, 
15 but not limited to, the generation of antibodies, as reagents 
in assays, the identification of other cellular gene products 
involved in regulation of root development; etc. 

SCR translational products include, but are not 
limited to, those proteins and polypeptides encoded by the 
20 SCR gene sequences described in Section 5.1, above. The 

invention encompasses proteins that are functionally 
equivalent to the SCR gene products described in Section 5.1. 

Such a SCR gene product may contain one or more deletions, 

oc additions or substitutions of SCR amino acid residues within 
the amino acid sequence encoded by any one of the SCR gene 

sequences described, above, in Section 5.1, but which result 
in a silent change, thus producing a functionally equivalent 
SCR gene product. Amino acid substitutions may be made on 

30 the basis of similarity in polarity, charge, solubility, 

hydrophobicity, hydrophilicity and/or the amphipathic nature 
of the residues involved. 

For example, nonpolar (hydrophobic) amino acids 
include alanine, leucine, isoleucine, valine, proline, 

35 phenylalanine, tryptophan and methionine; polar neutral amino 
acids include glycine, serine, threonine, cysteine, tyrosine, 
asparagine and glutamine; positively charged (basic) amino 



acids include arginine, lysine and histidine; and negatively 
charged (acidic) amino acids include aspartic acid and 
glutamic acid. "Functionally equivalent", as utilized 
herein, refers to a protein capable of exhibiting a 
5 substantially similar in vivo activity as the endogenous SCR 

gene products encoded by the SCR gene sequences described in 

Section 5.1, above. Alternatively, "functionally equivalent" 
may refer to peptides capable of regulating gene expression 
in a manner substantially similar to the way in which the 

10 

corresponding portion of the endogenous SCR gene product 
would. 

The invention also encompasses mutant SCR proteins 
and polypeptides that are not functionally equivalent to the 
15 9 ene Products described in Section 5.1. Such a mutant SCR 
protein or polypeptide may contain one or more deletions, 
additions or substitutions of SCR amino acid residues within 

the amino acid sequence encoded by any one the SCR gene 
sequences described above in Section 5.1., and which result 
2 0 in loss of one or more functions of the SCR protein (e.g. , 
recognition of a specific nucleic sequence, binding of a 
transcription factor, etc.), thus producing a SCR gene 

product not functionally equivalent to the wild-type SCR 
protein. 

25 While random mutations can be made to SCR DNA 

(using random mutagenesis techniques well known to those 
skilled in the art) and the resulting mutant SCRs tested for 
activity, site-directed mutations of the SCR gene and/ or 

coding sequence can be engineered (using site-directed 

30 

mutagenesis techniques well known to those skilled in the 
art) to generate mutant SCRs with increased function, (e.gr., 

resulting in improved root formation) , or decreased function 
(e.g., resulting in suboptimal root function). In 

35 particular, mutated SCR proteins in which any of the domains 
shown in FIGS. 13A-F are deleted or mutated are within the 
scope of the invention. Additionally, peptides corresponding 



- 42 - 



DCl - 209786.1 



to one or more domains of the SCR (e.g., shown in FIGS. 13A- 
F) , truncated or deleted SCRs, as well as fusion proteins in 
which the full length SCR, a SCR polypeptide or peptide fused 
to an unrelated protein are also within the scope of the 
invention and can be designed on the basis of the SCR 

nucleotide and SCR amino acid sequences disclosed in Section 
5.1. above . 

While the SCR polypeptides and peptides can be 
chemically synthesized (e.g., see Creighton, 1983, Proteins: 
Structures and Molecular Principles, W.H. Freeman & Co., 
N.Y.) large polypeptides derived from SCR and the full length 
SCR may advantageously be produced by recombinant DNA 
technology using techniques well known to those skilled in 
the art for expressing nucleic acid sequences. 

Methods which are well known to those skilled in 
the art can be used to construct expression vectors 
containing SCR protein coding sequences and appropriate 
transcriptional/ translational control signals. These methods 
include, for example, in vitro recombinant DNA techniques, 
synthetic techniques and in vivo recombination/genetic 
recombination. See, for example, the techniques described in 
Sambrook et al., 1989, supra, and Ausubel et al., 1989, 
supra. Alternatively, RNA capable of encoding SCR protein 
sequences may be chemically synthesized using, for example, 
synthesizers. See, for example, the techniques described in 
"Oligonucleotide Synthesis", 1984, Gait, M.J. ed. , IRL Press, 
Oxford. 

A variety of host-expression vector systems may be 
utilized to express the SCR gene products of the invention. 
Such host-expression systems represent vehicles by which the 
SCR gene products of interest may be produced and 

subsequently recovered and/or purified from the culture or 
plant (using purification methods well known to those skilled 
in the art) , but also represent cells which may, when 
transformed or transfected with the appropriate nucleotide 
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coding sequences, exhibit the SCR protein of the invention in 
situ. These include, but are not limited to, microorganisms 
such as bacteria (e.g., E. coli, B. subtilis) transformed 
with recombinant bacteriophage DNA, plasmid DNA or cosmid DNA 

5 

expression vectors containing SCR protein coding sequences; 
yeast (e.g., Saccharomyces , Pichia) transformed with 

recombinant yeast expression vectors containing the SCR 
protein coding sequences; insect cell systems infected with 
10 recombinant virus expression vectors (e.g., baculovirus) 

containing the SCR protein coding sequences; plant cell 
systems infected with recombinant virus expression vectors 
(e.g., cauliflower mosaic virus, CaMV; tobacco mosaic virus, 

TMV) or transformed with recombinant plasmid expression 
15 vectors (e.g., Ti plasmid) containing SCR protein coding 

sequences; or mammalian cell systems (e.g., COS, CHO, BHK, 

293, 3T3) harboring recombinant expression constructs 
containing promoters derived from the genome of mammalian 
cells (e.g., metal loth ione in promoter) or from mammalian 

20 

viruses (e.g., the adenovirus late promoter; the vaccinia 

virus 7 . 5K promoter; the cytomegalovirus promoter/ enhancer ; 
etc. ) . 

In bacterial systems, a number of expression 
25 vectors may be advantageously selected depending upon the use 
intended for the SCR protein being expressed. For example, 
when a large quantity of such a protein is to be produced, 
for the generation of antibodies or to screen peptide 
libraries, for example, vectors which direct the expression 
30 of high levels of fusion protein products that are readily 
purified may be desirable. Such vectors include, but are not 
limited, to the E. coli expression vector pUR278 (Ruther et 
al., 1983, EMBO J. 2:1791), in which the SCR coding sequence 
may be ligated individually into the vector in frame with the 
35 lac Z coding region so that a fusion protein is produced; pIN 
vectors (Inouye & Inouye, 1985, Nucleic Acids Res. 13:3101- 
3109; Van Heeke & Schuster, 1989, J. Biol. Chem. 264:5503- 
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5509) ; and the like. pGEX vectors may also be used to 
express foreign polypeptides as fusion proteins with gluta- 
thione S-transf erase (GST) . In general, such fusion proteins 
are soluble and can be easily purified from lysed cells by 
5 adsorption to glutathione-agarose beads followed by elution 
in the presence of free glutathione. The pGEX vectors are 
designed to include thrombin or factor Xa protease cleavage 
sites so that the cloned target gene protein can be released 
from the GST moiety. 
10 In one such embodiment of a bacterial system, full 

length cDNA sequences are appended with in-frame Bam HI sites 
at the amino terminus and Eco RI sites at the carboxyl 
terminus using standard PCR methodologies (Innis et al. , 
1990, supra) and ligated into the pGEX-2TK vector (Pharmacia, 

15 

Uppsala, Sweden) . The resulting cDNA construct contains a 
kinase recognition site at the amino terminus for radioactive 
labelling and glutathione S-transf erase sequences at the 
carboxyl terminus for affinity purification (Nilsson, et al., 
1985, EMBO J. 4: 1075; Zabeau and Stanley, 1982, EMBO J. 1: 

20 

1217) . 

The recombinant constructs of the present invention 
may include a selectable marker for propagation of the 
construct. For example, a construct to be propagated in 
bacteria preferably contains an antibiotic resistance gene, 

25 

such as one that confers resistance to kanamycin, 
tetracycline, streptomycin or chloramphenicol. Suitable 
vectors for propagating the construct include plasmids, 
cosmids, bacteriophages or viruses, to name but a few. 

In addition, the recombinant constructs may include 

30 

plant-expressible, selectable or screenable marker genes for 
isolating, identifying or tracking plant cells transformed by 
these constructs. Selectable markers include, but are not 
limited to, genes that confer antibiotic resistance, (e.g., 

35 resistance to kanamycin or hygromycin) or herbicide 
resistance (e.g., resistance to sulfonylurea, 

phosphinothricin or glyphosate) . Screenable markers include, 
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but are not be limited to, genes encoding ^-glucuronidase 
(Jefferson, 1987, Plant Mol. Biol. Rep. 5:387-405), 
luciferase (Ow et al., 1986, Science 234:856-859) and B 
protein that regulates anthocyanin pigment production (Goff 
5 et al., 1990, EMBO J 9:2517-2522). 

In embodiments of the present invention which 
utilize the Agrobacterium tumefacien system for transforming 

plants (see infra) , the recombinant constructs may 

additionally comprise at least the right T-DNA border 

0 

sequences flanking the DNA sequences to be transformed into 
the plant cell. Alternatively, the recombinant constructs 
may comprise the right and left T-DNA border sequences 
flanking the DNA sequence. The proper design and 
construction of such T-DNA based transformation vectors are 

5 

well known to those skilled m the art. 



5.1.3. ANTIBODIES TO SCR PROTEINS AND POLYPEPTIDES 

Antibodies that specifically recognize one or more 
20 epitopes of SCR, or epitopes of conserved variants of SCR, or 
peptide fragments of the SCR are also encompassed by the 
invention. Such antibodies include, but are not limited to, 
polyclonal antibodies, monoclonal antibodies (mAbs) , 
humanized or chimeric antibodies, single chain antibodies, 
25 Fab fragments, F(ab') 2 fragments, fragments produced by a Fab 
expression library, anti-idiotypic (anti-Id) antibodies and 
epitope-binding fragments of any of the above. 

For the production of antibodies, various host 
animals may be immunized by injection with the SCR protein, 
30 an SCR peptide (e.gr., one corresponding to a functional 

domain of the protein) , a truncated SCR polypeptide (SCR in 
which one or more domains has been deleted) , functional 
equivalents of the SCR protein or mutants of the SCR protein. 
Such SCR proteins, polypeptides, peptides or fusion proteins 
35 can be prepared and obtained as described in Section 5.1.2. 
supra. Host animals may include, but are not limited to, 

rabbits, mice and rats, to name but a few. Various adjuvants 
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may be used to increase the immunological response, depending 
on the host species, including, but not limited to, Freund's 
(complete and incomplete) , mineral gels such as aluminum 
hydroxide, surface active substances such as lysolecithin, 
5 pluronic polyols, polyanions, peptides, oil emulsions, 
keyhole limpet hemocyanin, dinitrophenol and potentially 
useful human adjuvants such as BCG (bacille Calmette-Guerin) 
and Corynebacterium parvum. Polyclonal antibodies are 

heterogeneous populations of antibody molecules derived from 

0 the sera of the immunized animals. 

Monoclonal antibodies, which are homogeneous 
populations of antibodies to a particular antigen, may be 
obtained by any technique which provides for the production 
of antibody molecules by continuous cell lines in culture. 

5 These include, but are not limited to, the hybridoma 

technique of Kohler and Milstein, (Nature 256:495-497 [1975]; 
and U.S. Patent No. 4,376,110), the human B-cell hybridoma 
technique (Kosbor et al., 1983, Immunology Today 4:72; Cole 
et al., 1983, Proc. Natl. Acad. Sci. USA 80:2026-2030) and 

0 the EBV-hybridoma technique (Cole et al., 1985, Monoclonal 
Antibodies And Cancer Therapy, Alan R. Liss, Inc., pp. 77- 
96) . Such antibodies may be of any immunoglobulin class 
including IgG, IgM, IgE, IgA, IgD and any subclass thereof. 
The hybridoma producing the mAb of this invention may be 

5 cultivated in vitro or in vivo. Production of high titers of 

mAbs in vivo makes this the presently preferred method of 

production. 

In addition, techniques developed for the 
production of "chimeric antibodies" (Morrison et al. , 1984, 
Proc. Natl. Acad. Sci., 81:6851-6855; Neuberger et al., 1984, 
Nature, 312:604-608; Takeda et al., 1985, Nature, 314:452- 
454) by splicing the genes from a mouse antibody molecule of 
appropriate antigen specificity together with genes from a 
human antibody molecule of appropriate biological activity 
can be used. A chimeric antibody is a molecule in which 
different portions are derived from different animal species, 
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such as those having a variable region derived from a murine 
mAb and a human immunoglobulin constant region. 

In addition, techniques have been developed for the 
^ production of humanized antibodies. (See, e.g., Queen, U.S. 
Patent No. 5,585,089.) An immunoglobulin light or heavy 
chaxn variable region consists of a "framework" region 
interrupted by three hypervariable regions, referred to as 
complementarity determining regions (CDRs) . The extent of 
Q the framework region and CDRs have been precisely defined 
(see, "Sequences of Proteins of Immunological Interest", 
Kabat, E . et al., U.S. Department of Health and Human 
Services (1983)). Briefly, humanized antibodies are antibody 
molecules from non-human species having one or more CDRs from 
s the non-human species and a framework region from a human 
immunoglobulin molecule. 

Alternatively, techniques described for the 
production of single chain antibodies (U.S. Patent 4,946,778- 
Bird, 1988, Science 242:423-426; Huston et al. , 1988, Proc 
( Natl. Acad. Sci. USA 85:5879-5883; and Ward et al., 19 89 
Nature 334:544-546) can be adapted to produce single chain 
antibodies against SCR proteins or polypeptides. single 
chain antibodies are formed by linking the heavy and light 
chain fragments of the Fv region via an amino acid bridge 
resulting in a single chain polypeptide. 

Antibody fragments which recognize specific 
epitopes may be generated by known techniques. For example 
such fragments include, but are not limited to: the P(a b-) ' 
fragments which can be produced by pepsin digestion of the' 
antibody molecule and the Fab fragments which can be 
generated by reducing the disulfide bridges of the F(ab') 
fragments. Alternatively, Fab expression libraries may be 
constructed (Huse et al., 1989, Science, 246:1275-1281) to 
allow rapid and easy identification of monoclonal Fab 
fragments with the desired specificity. 
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Antibodies to a SCR protein and/or polypeptide can, 
in turn, be utilized to generate anti-idiotype antibodies 
that "mimic" SCR, using techniques well known to those 
skilled in the art. (See, e.g., Greenspan & Bona, 1993, 

FASEB J 7 (5) :437-444; and Nissinoff, 1991, J. Immunol. 
147 (8) :2429-2438) . 

5.1.4. SCR GENE OR GENE PRODUCTS AS 
MARKERS FOR QUANTITATIVE TRAIT LOCI 

Any of the nucleotide sequences (including EST 
clone sequences) described in §§ 5.1 and 5.1.1. and/or listed 
in Tables 1 or 2 , and/qr polypeptides and proteins described 
in §§ 5.1.2. and/ or listed in Tables 1 or 2 , can be used as 
markers for quantitative trait loci in breeding programs for 
crop plants. To this end, the nucleic acid molecules, 
including, but not limited to, full length SCR coding 

sequences, and/or partial sequences (ESTs) , can be used in 
hybridization and/or DNA amplification assays to identify the 
endogenous SCR genes, scr mutant alleles and/or SCR 

expression products in cultivars as compared to wild-type 
plants. They can be used also as markers for linkage 
analysis of quantitative trait loci. It is possible also 
that the SCR gene may encode a product responsible for a 

qualitative trait that is desirable in a crop breeding 
program. Alternatively, the SCR protein, peptides and/ or 

antibodies can be used as reagents in immunoassays to detect 
expression of the SCR gene in cultivars and wild-type plants. 

5.1.5. SCR-LIKE GENES 

Scarecrow- like {SCL) genes are genes which show a 

high degree of similarity to the SCR gene. Tables 1 and 2 

show a list of various SCL genes which were recently 

identified. Tables 1 and 2 also show each EST clone and/ or 
genomic sequence corresponding with each of the SCL genes. 
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The partial nucleotide sequence of various Arabidopsis EST's 
that encode members of the SCL gene family are shown in FIGS. 

28A-AH. 

Sequence analysis of the genes showed that a 
5 variable amino-terminal (N-terminal) and a highly conserved 
carboxyl-termini (C-termini) region exist throughout these 
putative gene products. The highly conserved region does not 
show significant similarity to members of any recognized gene 
family, indicating that these sequences likely define a novel 
10 gene family. Based on the high degree of similarity of the 
gene products to SCR f the genes corresponding to these ESTs 

were designated SCARECROW-LIKE (SCL) . Recently, the 

importance of this gene family has been confirmed. Two 
components of the gibberellin signal transduction pathway, 
the gene products of the G I BBERELLI N- AC I D INSENSITIVE (GAI) 
and the REPRESSOR OF GAI (RGA) loci, have been shown to be 
members of this family (Peng et al., 1997, Genes & Dev. 11, 
3194-3205; Silverstone et al., 1998, Plant Cell 10, 155-169). 

2Q Thus, this family of gene products has been designated as the 
GRAS gene family, an acronym based on the designations of the 
known genes: GAI, RGA and SCR. An alignment of various GRAS 
gene products is shown at FIG. 29. As shown on the figure, 
the gene products have at least five recognizable motifs that 

25 are highly conserved. The absolutely conserved residues 
within the VHIID and SAW motifs are highlighted in bold, as 
are the hydrophobic residues of the leucine heptads, the 
P-F-Y-R-E residues of the PFYRE motif, and the two short 
sequences that define the end of the VHIID motif and the 

3Q beginning of the PFYRE motif. 

The GRAS family includes at present nineteen 
distinct members in Arabidopsis: fifteen SCLs, SCR, GAI, RGA, 
and RGAL (a GRAS sequence of unknown function with high 
similarity to GAI and RGA) . The fact that the SCR, GAI, and 

35 RGA gene products have diverse roles in fundamental processes 
in plant biology (SCR in pattern formation and GAI /RGA in 
signal transduction) suggests that other members of this 
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family may also play important roles in the physiology and 
development of higher plants. Intriguingly , the majority of 
the SCL genes are expressed predominantly in the root. 

FIG. 3 0 and Table 3. Furthermore, one of these (SCL3) has an 

expression pattern xn the root that is similar to that of 
SCR. FIG. 31. In addition to root, many of the SCL genes 
are expressed in siliques and shoots. See, Table 3. 

The SCL genes and gene products may be isolated and 
10 expressed with methods similar to those discussed for SCR 
genes at Sections 5.1.1. and 5.1.2., supra . Furthermore , 

antibodies to SCL proteins and polypeptides may be produced 
as was discussed in Section 5.1.3., supra. Finally, SCL 

genes and gene products may be used as markers for 
quantitative trait loci as was discussed at Section 5.1.4., 
supra . 
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5.2. SCR PROMOTERS 

According to the present invention, SCR promoters 
and functional portions thereof described herein refer to 
s regions of the SCR gene which are capable of promoting 

tissue-specific expression in embryos, roots and shoots of an 
operably linked coding sequence in plants. The SCR promoter 
described herein refers to the regulatory elements of SCR 
genes, i.e., regulatory regions of genes which are capable of 
10 selectively hybridizing to the nucleic acids described in 
Section 5.1, or regulatory sequences contained, for example, 
in the region between the translational start site of the 
Arabidopsis SCR gene and the HindHI site approximately 2.5 
^ kb upstream of the site in plasmid pLIGl-3/SAC+Mob21SAC (see 
FIGS. 5A and 14) in hybridization assays, or which are 
homologous by sequence analysis (containing a span of 10 or 
more nucleotides in which at least 50 percent of the 
nucleotides are identical to the sequences presented herein) . 
^ Homologous nucleotide sequences refer to nucleotide sequences 
including, but not limited to, SCR promoters in diverse plant 
species (e.g., promoters of orthologs of Arabidopsis SCR) as 

well as genetically engineered derivatives of the promoters 
described herein. 

25 Methods which could be used for the synthesis, 

isolation, molecular cloning, characterization and 
manipulation of SCR promoter sequences are well known to 
those skilled in the art. See, e.g., the techniques 
described in Sambrook et al., Molecular Cloning: A 

30 Laboratory Manual, 2nd. ed. , Cold Spring Harbor Laboratory, 
Cold Spring Harbor, New York (1989) . 

According to the present invention, SCR promoter 
sequences or portions thereof described herein may be 
obtained from appropriate plant or mammalian sources from 
cell lines or recombinant DNA constructs containing SCR 
promoter sequences, and/or by chemical synthetic methods. 
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SCR promoter sequences can be obtained from genomic clones 

containing sequences 5' upstream of SCR coding sequences. 

Such 5' upstream clones may be obtained by screening genomic 
libraries using SCR protein coding sequences, particularly 
those encoding SCR N-terminal sequences, from SCR gene clones 

obtained as described in Sections 5.1. and 5.2. Standard 
methods that may used in such screening include, for example, 
the method set forth in Benton & Davis, 1977, Science 196:180 
for bacteriophage libraries; and Grunstein & Hogness, 1975, 
Proc. Nat. Acad. Sci. U.S.A. 72:3961-3965 for plasmid 
libraries. 

The full extent and location of SCR promoters 
within such 5 1 upstream clones may be determined by the 
15 functional assay described below. In the event a 5 1 upstream 
clone does not contain the entire SCR promoter as determined 
by the functional assay, the insert DNA of the clone may be 
used to isolate genomic clones containing sequences further 
5 1 upstream of the SCR coding sequences . Such further 

20 upstream sequences can be spliced on to existing 5 1 upstream 
sequences and the reconstructed 5 ' upstream region tested for 
functionality as a SCR promoter (i.e., promoting tissue- 
specific expression in embryos and/or roots of an operably 
linked gene in plants) . This process may be repeated until 

25 

the complete SCR promoter is obtained. 

The location of the SCR promoter within genomic 
sequences 5' upstream of the SCR gene isolated as described 
above may be determined using any method known in the art. 

30 For example, the 3' end of the promoter may be identified by 
locating the transcription initiation site, which may be 
determined by methods such as RNase protection (e.g., Liang 
et al., 1989, J. Biol. Chem. 264:14486-14498), primer 
extension (e.g., Weissenborn & Larson, 1992, J. Biol. Chem. 

35 267:6122-6131) and/or reverse transcriptase/PCR. The 

location of the 3 ■ end of the promoter may be confirmed by 
sequencing and computer analysis, examining for the canonical 
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AGGA or TATA boxes of promoters that are typically 50-60 base 
pairs (bp) and 25-35 bp, respectively, 5' upstream of the 
transcription initiation site. The 5 1 end promoter may be 
defined by deleting sequences from the 5' end of the promoter 
5 containing fragment, constructing a transcriptional or 

translational fusion of the resected fragment and a reporter 
gene and examining the expression characteristics of the 
chimeric gene in transgenic plants* Reporter genes that may 
be used to such ends include, but are not limited to, GUS, 
10 CAT, lucif erase, (3-galactosidase and CI and R gene 
controlling anthocyanin production. 

According to the present invention, a SCR promoter 

is one that confers to an operably linked gene in a 
transgenic plant tissue-specific expression in roots, root 
15 nodules, stems and/or embryos, A SCR promoter comprises the 

region between about -5,000 bp and +1 bp upstream of the 
transcription initiation site of a SCR gene. In a particular 

embodiment, the Arabidopsis SCR promoter comprises the region 

20 between positions -2.5 kb and +1 in the 5 1 upstream region of 
the Arabidopsis SCR gene (see FIGS. 5A and 14) . 



5.2.1. CIS -REGULATORY ELEMENTS OF SCR PROMOTERS 

According to the present invention, the cis- 
25 regulatory elements within a SCR promoter may be identified 

using any method known in the art. For example, the location 
of cis-regulatory elements within an inducible promoter may 
be identified using methods such as DNase or chemical 
footprinting (e.g., Meier et al., 1991, Plant Cell 3:309-315) 

30 

or gel retardation (e.g., Weissenborn & Larson, 1992, J. 
Biol. Chem. 267-6122-6131; Beato, 1989, Cell 56:335-344; 
Johnson et al., 1989, Ann. Rev. Biochem. 58:799-839). 
Additionally, resectioning experiments also may be employed 
35 to define the location of the cis-regulatory elements. For 
example, an inducible promoter-containing fragment may be 
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resected from either the 5 1 or 3 1 end' using restriction 
enzyme or exonuclease digests. 

To determine the location of cis-regulatory 
elements within the sequence containing the inducible 
5 promoter, the 5 1 or 3 1 resected fragments, internal fragments 
to the inducible promoter containing sequence or inducible 
promoter fragments containing sequences identified by 
footprinting or gel retardation experiments may be fused to 
the 5' end of a truncated plant promoter, and the activity of 

10 the chimeric promoter in transgenic plant examined. Useful 
truncated promoters to these ends comprise sequences starting 
at or about the transcription initiation site and extending 
to no more than 150 bp 5' upstream. These truncated 
promoters generally are inactive or are only minimally 

15 active. Examples of such truncated plant promoters may 

include, among others, a "minimal" CaMV 35S promoter whose 5' 
end terminates at position -46 bp with respect to the 
transcription initiation site (Skriver et al., Proc. Natl. 
Acad. Sci. USA 88:7266-7270); the truncated "-90 35S" 

20 promoter in the X-GUS-90 vector (Benfey & Chua, 1989, Science 
244:174-181); a truncated "-101 nos" promoter derived from 
the nopaline synthase promoter (Aryan et al., 1991, Mol. Gen. 
Genet. 225:65-71); and the truncated maize Adh-1 promoter in 
pADcat 2 (Ellis et al., 1987, EMBO J. 6:11-16). 

25 According to the present invention, a cis- 

regulatory element of a SCR promoter is a sequence that 

confers to a truncated promoter tissue-specific expression in 
embryos, stems, root nodules and/ or roots. 

30 5.2.2. SCR PROMOTER-DRIVEN EXPRESSION VECTORS 

The properties of the nucleic acid sequences are 
varied as are the genetic structures of various potential 
host plant cells. In the preferred embodiments of the 
present invention, described herein, a number of features 

35 

which an artisan may recognize as not being absolutely 
essential, but clearly advantageous are used. These include 
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methods of isolation, synthesis or construction of gene 
constructs, the manipulation of the gene constructs to be 
introduced into plant cells, certain features of the gene 
constructs, and certain features of the vectors associated 
5 with the gene constructs. 

Further, the gene constructs of the present 
invention may be encoded on DNA or RNA molecules. According 
to the present invention, it is preferred that the desired, 
stable genotypic change of the target plant be effected 

1° through genomic integration of exogenous ly introduced nucleic 
acid construct (s) , particularly recombinant DNA constructs. 
Nonetheless, according to the present invention, such 
genotypic changes also can be effected by the introduction of 
episomes (DNA or RNA) that can replicate autonomously and 

15 that are somatically and germinally stable. Where the 
introduced nucleic acid constructs comprise RNA, plant 
transformation or gene expression from such constructs may 
proceed through a DNA intermediate produced by reverse 
transcription . 

20 The present invention provides for use of 

recombinant DNA constructs which contain tissue-specific and 
developmental-specific promoter fragments and functional 
portions thereof. As used herein, a functional portion of a 
SCR promoter is capable of functioning as a tissue-specific 

2 5 

promoter m the embryo, stem, root nodule and/ or root of a 
plant. The functionality of such sequences can be readily 
established by any method known in the art. Such methods 
include, for example, constructing expression vectors with 
such sequences and determining whether they confer tissue- 
30 specific expression in the embryo, stem, root nodule and/or 
root to an operably linked gene. In a particular embodiment, 
the invention provides for the use of the Arabidopsis SCR 

promoter contained in the sequences depicted in FIGS. 5A and 
14 and the insert DNA of plasmid pGEX-2TK + . 

35 

The SCR promoters of the invention may be used to 
direct the expression of any desired protein, or to direct 
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the expression of a RNA product, including, but not limited 
to, an "antisense" RNA or ribozyme. Such recombinant 
constructs generally comprise a native SCR promoter or a 

recombinant SCR promoter derived therefrom, ligated to the 

5 

nucleic acid sequence encoding a desired heterologous gene 
product . 

A recombinant SCR promoter is used herein to refer 

to a promoter that comprises a functional portion of a native 
SCR promoter or a promoter that contains native promoter 

sequences that is modified by a regulatory element from a SCR 
promoter. Alternatively, a recombinant inducible promoter 
derived from the SCR promoter may be a chimeric promoter, 

comprising a full-length or truncated plant promoter modified 
15 by the attachment of one or more SCR cis-regulatory elements. 

The manner of chimeric promoter constructions may 
be any well known in the art. For examples of approaches 
that can be used in such constructions, see Section 5.1.2., 
above and Fluhr et al., 1986, Science 232:1106-1112; Ellis et 
20 al., 1987, EMBO J. 6:11-16; Strittmatter & Chua, 1987, Proc. 
Natl. Acad. Sci. USA 84:8986-8990; Poulsen & Chua, 1988, Mol. 
Gen. Genet. 214:16-23; Comai et al., 1991, Plant Mol. Biol. 
15:373-381; Aryan et al., 1991, Mol. Gen. Genet. 225:65-71. 

According to the present invention, where a SCR 

25 

promoter or a recombinant SCR promoter is used to express a 
desired protein, the DNA construct is designed so that the 
protein coding sequence is ligated in phase with the 
translational initiation codon downstream of the promoter. 

3Q Where the promoter fragment is missing 5' leader sequences, a 
DNA fragment encoding both the protein and its 5 1 RNA leader 
sequence is ligated immediately downstream of the 
transcription initiation site. Alternatively, an unrelated 
5 1 RNA leader sequence may be used to bridge the promoter and 

35 the protein coding sequence. In such instances, the design 
should be such that the protein coding sequence is ligated in 
phase with the initiation codon present in the leader 
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sequence, or ligated such that no initiation codon is 
interposed between the transcription initiation site and the 
first methionine codon of the protein. 

Further, it may be desirable to include additional 
5 DNA sequences in the protein expression constructs. Example 
of additional DNA sequences include, but are not limited to, 
those encoding: a 3' untranslated region; a transcription 
termination and polyadenylation signal; an intron; a signal 
peptide (which facilitates the secretion of the protein) ; or 
!0 a transit peptide (which targets the protein to a particular 
cellular compartment such as the nucleus, chloroplast, 
mitochondria or vacuole) . 

5.3. PRODUCTION OF TRANSGENIC PLANTS AND PLANT 
15 CELLS 

According to the present invention, a desirable 

plant or plant cell may be obtained by transforming a plant 

cell with the nucleic acid constructs described herein. In 

some instances, it may be desirable to engineer a plant or 

2 0 plant cell with several different gene constructs. Such 
engineering may be accomplished by transforming a plant or 
plant cell with all of the desired gene constructs 
simultaneously. Alternatively, the engineering may be 
carried out sequentially. That is, transforming with one 

25 gene construct, obtaining the desired transformant after 
selection and screening, transforming the transformant with 
second gene construct, and so on. 

In an embodiment of the present invention, 
Agrobacterium is employed to introduce the gene constructs 

30 into plants. Such transformations preferably use binary 
Agrobacterium T-DNA vectors (Bevan, 1984, Nuc. Acid Res. 

12:8711-8721) and the co-cultivation procedure (Horsch et 
al., 1985, Science 227:1229-1231). Generally, the 
Agrobacterium transformation system is used to engineer 

35 

dicotyledonous plants (Bevan et al., 1982, Ann. Rev. Genet. 
16:357-384; Rogers et al. # 1986, Methods Enzymol. 118:627- 



- 59 - 



DCl - 209786.1 



641) . The Agrobacterium transformation system also may be 

used to transform, as well as transfer, DNA to 
monocotyledonous plants and plant cells (see Hernalsteen et 

al., 1984, EMBO J 3:3039-3041; Hooykass-Van Slogteren et al., 

5 

1984, Nature 311:763-764; Grimsley et al. , 1987, Nature 
325:1677-179; Boulton et al., 1989, Plant Mol. Biol. 12:31- 
40.; Gould et al. , 1991, Plant Physiol. 95:426-434). 

In other embodiments, various alternative methods 
for introducing recombinant nucleic acid constructs into 

10 

plants and plant cells also may be utilized. These other 
methods are particularly useful where the target is a 
monocotyledonous plant or plant cell. Alternative gene 

_ transfer and transformation methods include, but are not 

O 

~ limited to, protoplast transformation through calcium-, 

ijj polyethylene glycol (PEG) , electroporation-mediated uptake of 

naked DNA (see Paszkowski et al. , 1984, EMBO J 3:2717-2722, 

2 Potrykus et al., 1985, Mol. Gen. Genet. 199:169-177; From et 

Jjj al., 1985, Proc. Natl. Acad. Sci. USA 82:5824-5828; 

^ 2Q Shimamoto, 1989, Nature 338:274-276) and electroporation of 

Q plant tissues (D'Halluin et al., 1992, Plant Cell 4:1495- 

H 1505) . Additional methods for plant cell transformation 

^ include microinjection, silicon carbide mediated DNA uptake 

kD (Kaeppler et al., 1990, Plant Cell Reporter 9:415-418) and 
25 microprojectile bombardment (see Klein et al., 1988, Proc. 

Natl. Acad. Sci. USA 85:4305-4309; Gordon-Kamm et al., 1990, 
Plant Cell 2:603-618). 

According to the present invention, a wide variety 
of plants may be engineered for the desired physiological and 

3 0 agronomic characteristics described herein using the nucleic 
acid constructs of the instant invention and the various 
transformation methods mentioned above* In preferred 
embodiments, target plants for engineering include, but are 
not limited to, crop plants such as maize, wheat, rice, 

35 soybean, tomato, tobacco, carrots, peanut, potato, sugar 
beets, sunflower, yam, Arabidopsis, rape seed and petunia; 
and trees such as spruce. 
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According to the present invention, desired plants 
and plant cells may be obtained by engineering the gene 
constructs described herein into a variety of plant cell 
types, including, but not limited to, protoplasts, tissue 
5 culture cells, tissue and organ explants, pollen, embryos as 
well as whole plants. In an embodiment of the present 
invention, the engineered plant material, is selected or 
screened for transf ormants (i.e., those that have 

incorporated or integrated the introduced gene construct (s) ) 

0 following the approaches and methods described below. An 

isolated transf ormant may then be regenerated into a plant. 

Alternatively, the engineered plant material may be 

regenerated into a plant, or plantlet, before subjecting the 

derived plant, or plantlet, to selection or screening for the 

5 marker gene traits. Procedures for regenerating plants from 

plant cells, tissues or organs, either before or after 

selecting or screening for marker gene(s), are well known to 

those skilled in the art. 

A transformed plant cell, callus, tissue or plant 

0 may be identified and isolated by selecting or screening the 

engineered plant material for traits encoded by the marker 

genes present on the transforming DNA. For instance, 

selection may be performed by growing the engineered plant 

material on media containing inhibitory amounts of the 
5 * 

antibiotic or herbicide to which the transforming marker gene 
construct confers resistance. Further, transformed plants 
and plant cells also may be identified by screening for the 
activities of any visible marker genes (e.g., the S- 

glucuronidase, lucif erase, B or CI genes) that may be present 

0 

on the recombinant nucleic acid constructs of the present 
invention. Such selection and screening methodologies are 
well known to those skilled in the art. 

Physical and biochemical methods also may be used 
to identify a plant or plant cell transformant containing the 
gene constructs of the present invention. These methods 
include, but are not limited to: 1) Southern analysis or PCR 
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amplification for detecting and determining the structure of 
the recombinant DNA insert; 2) Northern blot, S-l RNase 
protection, primer-extension or reverse transcriptase-PCR 
amplification for detecting and examining RNA transcripts of 
5 the gene constructs; 3) enzymatic assays for detecting enzyme 
or ribozyme activity, where such gene products are encoded by 
the gene construct; 4) protein gel electrophoresis, western 
blot techniques, immunoprecipitation, or enzyme-linked 
immunoassays, where the gene construct products are proteins; 
10 5) biochemical measurements of compounds produced as a 
consequence of the expression of the introduced gene 
constructs* Additional techniques, such as In situ 

hybridization, enzyme staining, and immunostaining also may 
be used to detect the presence or expression of the 
15 recombinant construct in specific plant organs and tissues. 
The methods for doing all of these assays are well known to 
those skilled in the art. 



5.3.1. TRANSGENIC PLANTS THAT ECTOPICALLY 

2 0 EXPRESS SCR 

In accordance with the present invention, a plant 
that expresses a recombinant SCR gene may be engineered by 

transforming a plant cell with a gene construct comprising a 
plant promoter operably associated with a sequence encoding a 

25 

SCR protein or a fragment thereof. (Operably associated is 
used herein to mean that transcription controlled by the 
"associated" promoter would produce a functional messenger 
RNA, whose translation would produce the enzyme.) The plant 
promoter may be constitutive or inducible. Useful 

3 0 

constitutive promoters include, but are not limited to, the 
CaMV 35S promoter, the T-DNA mannopine synthetase promoter 
and their various derivatives. Useful inducible promoters 
include, but are not limited to, the promoters of ribulose 
bisphosphate carboxylase (RUBISCO) genes, chlorophyll a/b 

35 

binding protein (CAB) genes, heat shock genes, the defense 
responsive gene (e.g., phenylalanine ammonia lyase genes), 
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wound induced genes (e.g., hydroxyproline rich cell wall 

protein genes), chemically-inducible genes (e.g., nitrate 

reductase genes, gluconase genes, chitinase genes, PR-1 genes 
etc.), dark-inducible genes (e.g., asparagine synthetase gene 

5 

(Coruzzi and Tsai, U.S. Patent 5,256,558, October 26, 1993, 
Gene Encoding Plant Asparagine Synthetase) ) and 
developmentally regulated genes (e.g., Shoot Meristemless 

gene) , to name just a few. 
10 In yet another embodiment of the present invention, 

it may be advantageous to transform a plant with a gene 
construct operably linking a modified or artificial promoter 
to a sequence encoding a SCR protein or a fragment thereof. 
*2 Typically, such promoters, constructed by recombining 

PJ 15 structural elements of different promoters, have unique 

r« expression patterns and/or levels not found in natural 

y i 

yi promoters. See, e.g., Salina et al., 1992, Plant Cell 

TZ 4:1485-1493, for examples of artificial promoters constructed 

s from combining cis-regulatory elements with a promoter core, 

p 2 0 In a preferred embodiment of the present invention, 

y± the associated promoter is a strong and root, root nodule, 

^ stem and/or embryo-specific plant promoter such that the SCR 

gg protein is overexpressed in the transgenic plant. Examples 

of root- and root nodules-specific promoters include, but are 
2 5 not limited to, the promoters of SCR genes, SHR genes, 

legehemoglobin genes, nodulin genes and root-specific 
glutamine synthetase genes (See e.g., Tingey et al., 1987, 

EMBO J. 6:1-9; Edwards et al., 1990, Proc. Nat. Acad. Sci. 
USA 87:3459-3463) . 
30 In yet another preferred embodiment of the present 

invention, the over express ion of SCR protein in roots may be 
engineered by increasing the copy number of the SCR gene. 

One approach to producing such transgenic plants is to 
transform with nucleic acid constructs that contain multiple 

35 

copies of the complete SCR gene (i.e., with its own native 
SCR promoter) . Another approach is to repeatedly transform 
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successive generations of a plant line with one or more 
copies of the complete SCR gene. Yet another approach is to 

place a complete SCR gene in a nucleic acid construct 

containing an amplification-selectable marker (ASM) gene such 

5 

as the glutamme synthetase or dihydrof olate reductase gene. 
Cells transformed with such constructs are subjected to 
culturing regimes that select cell lines with increased 
copies of complete SCR genes. See, e.g., Donn et al., 1984, 

J. Mol. Appl. Genet. 2:549-562, for a selection protocol used 
to isolate a plant cell line containing amplified copies of 
the GS gene. Because the desired gene is closely linked to 
the ASM, cell lines that amplify the ASM gene are likely also 
to have amplified the SCR gene. Cell lines with amplified 
15 copies of the SCR gene can then be regenerated into 
transgenic plants. 



5.3.2. TRANSGENIC PLANTS THAT SUPPRESS 
ENDOGENOUS SCR EXPRESSION 

20 In accordance with the present invention, a desired 

plant may be engineered by suppressing SCR activity. In one 

embodiment, the suppression may be engineered by transforming 
a plant with a gene construct encoding an antisense RNA or 

ribozyme complementary to a segment, or the whole, of the SCR 

25 ... 

RNA transcript, including the mature target mRNA. In another 

embodiment, SCR gene suppression may be engineered by 

transforming a plant cell with a gene construct encoding a 
ribozyme that cleaves the SCR mRNA transcript. 

3q Alternatively, the plant can be engineered, e.gr., via 

targeted homologous recombination, to inactive or "knock-out" 
expression of the plant's endogenous SCR. 

For all of the aforementioned suppression 
constructs, it is preferred that such gene constructs express 
35 specifically in the root, root nodule, stem and /or embryo 
tissues. Alternatively, it may be preferred to have the 
suppression constructs expressed const itutively. Thus, 



constitutive promoters, such as the nopaline and the CaMV 3 5S 
promoter, also may be used to express the suppression 
constructs. A most preferred promoter for these suppression 
constructs is a SCR or SHR promoter. 

In accordance with the present invention, desired 
plants with suppressed target gene expression may be 
engineered also by transforming a plant cell with a co- 
suppression construct. A co-suppression construct comprises 
a functional promoter operatively associated with a complete 
or partial SCR gene sequence. It is preferred that the 

operatively associated promoter be a strong, constitutive 
promoter, such as the CaMV 3 5S promoter. Alternatively, the 
co-suppression construct promoter can be one that expresses 
with the same tissue and developmental specificity as the SCR 

gene. 

According to the present invention, it is preferred 
that the co-suppression construct encodes an incomplete SCR 

mRNA, although a construct encoding a fully functional SCR 

mRNA or enzyme also may be useful in effecting co- 
suppression. 

In accordance with the present invention, desired 
plants with suppressed target gene expression also may be 
engineered by transforming a plant cell with a construct that 
can effect site-directed mutagenesis of the SCR gene. (See, 

e.g., Offringa et al., 1990, EMBO J. 9:3077-84; and Kanevskii 
et al., 1990, Dokl. Akad. Nauk. SSSR 312:1505-1507 for 
discussions of nucleic constructs for effecting site-directed 
mutagenesis of target genes in plants.) It is preferred that 
such constructs effect suppression of the SCR gene by 

replacing the endogenous SCR gene sequence through homologous 

recombination with either none, or inactive SCR protein 
coding sequences. 
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5.3.3. TRANSGENIC PLANTS THAT EXPRESS A 

TRANSGENE CONTROLLED BY THE SCR PROMOTER 



In accordance with the present invention, a desired 
plant may be engineered to express a gene of interest under 
the control of the SCR promoter. SCR promoters and 

functional portions thereof refer to regions of the nucleic 
acid sequence which are capable of promoting tissue-specific 
transcription of an operably linked gene of interest in the 
embryo, stem, root nodule and/ or root of a plant. The SCR 

promoter described herein refers to the regulatory elements 
of SCR genes as described in Section 5.2. 

Genes that may be beneficially expressed in the 
roots and/or root nodules of plants include genes involved in 
nitrogen fixation or cytokines or auxins, or genes which 
regulate growth, or growth of roots. In addition, genes 
encoding proteins that confer on plants herbicide, salt or 
pest resistance may be engineered for root specific 
expression. The nutritional value of root crops may be 
enhanced also through SCR promoter driven expression of 

nutritional proteins. Alternatively, therapeutically useful 
proteins may be expressed specifically in root crops. 

Genes that may be beneficially expressed in the 
stems of plants include those involved in starch lignin or 
cellulose biosynthesis . 

In accordance with the present invention, desired 
plants which express a heterologous gene of interest under 
the control of the SCR promoter may be engineered by 

transforming a plant cell with SCR promoter driven constructs 

using those techniques described in Section 5.2.2. and 5.3., 
supra. 

5.3.4. SCREENING OF TRANSFORMED PLANTS FOR THOSE 
HAVING DESIRED ALTERED TRAITS 

It will be recognized by those skilled in the art 

that in order to obtain transgenic plants having the desired 

engineered traits, screening of transformed plants (i.e., 
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those having an gene construct of the invention) having those 
traits may be required. For example, where the plants have 
been engineered for ectopic overexpression of a SCR gene, 

transformed plants are examined for those expressing the SCR 

5 gene at the desired level and in the desired tissues and 
developmental stages- Where the plants have been engineered 
for suppression of the SCR gene product, transformed plants 

are examined for those expressing the SCR gene product (e.gr., 

10 RNA or protein) at reduced levels in various tissues. The 
plants exhibiting the desired physiological changes, e.gr., 

ectopic SCR overexpression or SCR suppression, may then be 

subsequently screened for those plants that have the desired 
structural changes at the plant level (e.g., transgenic 

15 plants with overexpression or suppression of SCR gene having 

the desired altered root structure) . The same principle 
applies to obtaining transgenic plants having tissue-specific 
expression of a heterologous gene in embryos and/ or roots by 
the use of a SCR promoter driven expression construct. 

20 

Alternatively, the transformed plants may be 
directly screened for those exhibiting the desired structural 
and functional changes. In one embodiment, such screening 
may be for the size, length or pattern of the root of the 
25 transformed plants. In another embodiment, the screening of 
the transformed plants may be for altered gravitropism or 
decreased susceptibility to lodging. In other embodiments, 
the screening of the transformed plants may be for improved 
agronomic characteristics (e.g., faster growth, greater 

30 vegetative or reproductive yields or improved protein 
contents, etc.), as compared to unengineered progenitor 
plants, when cultivated under various growth conditions 
(e.gr., soils or media containing different amounts of 

nutrients and water content) . 
35 According to the present invention, plants 

engineered with SCR overexpression may exhibit improved 

vigorous growth characteristics when cultivated under 
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conditions where large and thicker roots are advantageous. 
Plants engineered for SCR suppression may exhibit improved 

vigorous growth characteristics when cultivated under 
conditions where thinner roots are advantageous. 

Engineered plants and plant lines possessing such 
improved agronomic characteristics may be identified by 
examining any of following parameters: 1) the rate of growth, 
measured in terms of rate of increase in fresh or dry weight; 
2) vegetative yield of the mature plant, in terms of fresh or 
dry weight; 3) the seed or fruit yield; 4) the seed or fruit 
weight; 5) the total nitrogen content of the plant; 6) the 
total nitrogen content of the fruit or seed; 7) the free 
amino acid content of the plant; 8) the free amino acid 
content of the fruit or seed; 9) the total protein content of 
the plant; and 10) the total protein content of the fruit or 
seed. The procedures and methods for examining these 
parameters are well known to those skilled in the art. 

According to the present invention, a desired plant 
is one that exhibits improvement over the control plant 
(i.e., progenitor plant) in one or more of the aforementioned 

parameters. In an embodiment, a desired plant is one that 
shows at least 5% increase over the control plant in at least 
one parameter. In a preferred embodiment, a desired plant is 
one that shows at least 20% increase over the control plant 
in at least one parameter. Most preferred is a plant that 
shows at least 50% increase in at least one parameter. 



6. EXAMPLE 1: ARABIDOPSIS SCR GENE 

30 This example describes the cloning and structure of 

the Arabidopsis SCR gene and its expression. The deduced 

amino acid sequence of the Arabidopsis SCR gene product 

contains a number of potential functional domains similar to 
those found in transcription factors. Closely related 
35 sequences have been found in both dicots and monocots 

indicating that Arabidopsis SCR is a member of a new protein 
family. The expression pattern of the SCR gene was 
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characterized by means of in situ hybridization and by an 

enhancer trap insertion upstream of the SCR gene (described 

in more detail in Section 7) . The expression pattern is 
consistent with a key role for Arabidopsis SCR in regulating 

5 

the asymmetric division of the cortex/ endodermis initial 
which is essential for generating the radial organization of 
the root. 

6.1. MATERIALS AND METHODS 
10 

6.1.1. PLANT CULTURE 

Arabidopsis ecotypes Wassilewski ja (Ws) , Columbia 
(Col) , and Landsberg erecta (Ler) were obtained from Lehle. 

Arabidopsis seeds were surface sterilized and grown as 
15 described previously (Benfey et al., 1993, Development 
119:57-70) . Generation of the enhancer trap lines is 
described in Section 7. 

6.1.2. GENETIC ANALYSIS 

2 0 For the scr-1 allele, co-segregation of the mutant 

phenotype and kanamycin resistance conferred by the inserted 
T-DNA was determined as described previously (Aeschbacher et 
al., 1995, Genes & Development 9:330-340). Because kanamycin 
affects root growth, 1557 seeds from heterozygous lines were 

25 germinated on non-selective media, scored for the appearance 
of the mutant phenotype, and subsequently transferred to 
selective media. All (284) phenotypically mutant seedlings 
showed resistance to the antibiotic, whereas 834 of 1273 
phenotypically wild-type seedlings showed resistance to 

30 kanamycin, respectively. Phenotypically wild type plants 
(83) were also transferred to soil and allowed to set seeds. 
The progeny of these plants were plated on selective and non- 
selective media, and scored for the co-segregation of the 
mutant phenotype and antibiotic resistance. A majority (48) 

35 of the plants segregated for the mutant phenotype and for 

kanamycin resistance, whereas 3 5 were wild- type and sensitive 
to kanamycin. Due to a mis-identified cross, scr~2 was 
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originally thought to be non-allelic and was named pinocchio 

(Scheres et al., 1995, Development 121:53-62). Subsequent 
mapping results placed it in an identical chromosomal 
location as scr-1. The original scr-2 line contained at 

5 

least two T-DNA inserts. Co-segregation analysis revealed a 
lack of linkage between the antibiotic resistance marker 
carried by the T-DNA and the mutant phenotype. Antibiotic 
sensitive lines were identified that segregated for mutants* 
These lines were crossed to scr-1. All Fl antibiotic 

10 

resistant progeny exhibited a mutant phenotype. All F2 
progeny (from independent lines) were mutant , and there was a 
3:1 segregation for antibiotic resistance indicating that the 
two mutations were allelic. Antibiotic sensitive lines of 
scr-2 were found to contain a rearranged T-DNA insert as 

determined by Southern blots and PCR using T-DNA specific 
probes and primers, respectively. The presence of this T-DNA 
in the SCR gene was confirmed by Southern blots using SCR 

probes. A combination of T-DNA and SCR specific primers was 

20 used to amplify T-DNA/SCR junctions. The PCR fragments were 

cloned using the TA cloning kit (Invitrogen) and sequenced. 
The insertion points were determined for both 5' and 3' T- 
DNA/SCR junctions. 



25 



30 



35 



6.1.3. MAPPING 
Mutant plants of scr-2 (WS background) were crossed 

to Col WT. DNA from mutant F2 individual plants were 
analyzed for co-segregation with microsatellite (Bell & 
Ecker, 1994, Genomics 18:137-144) and CAPS markers (Konieczny 
& Ausubel, 1993, Plant J. 4:403-410). The closest linkage 
was found to two CAPS markers located at the bottom of 
chromosome III. Only one out of 238 mutant chromosomes was 
recombinant for the BGL1 marker (Konieczny & Ausubel, 1993, 
Plant J. 4:403-410) and one out of 210 chromosomes was 
recombinant for the cdc2b marker. 
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A RFLP for the SCR gene was identified between Col 

and Ler ecotypes with Xho I endonuclease . Genomic DNAs from 
independent Rl lines (Jarvis et al. , 1994, Plant Mol. Biol. 
24:685-687) were digested with Xho I and blots were 

5 

hybridized to SCR. Using the segregation data obtained for 
25 Rl lines, the SCR gene was mapped relative to molecular 
markers by CLUSTER. The SCR gene was assigned to the bottom 
of chromosome III closest to BGL1. 

10 

6.1.4. PHENOTYPIC ANALYSIS 

Morphological characterization of the mutant roots 
was performed as follows: 7 to 14 days post-germination, 
phenotypically mutant seedlings were fixed in 4.0% 

15 formaldehyde in PIPES buffer pH 7.2. After fixation, the 
samples were dehydrated in ethanol followed by infiltration 
with Historesin (Jung-Leica, Heidelberg, Germany) . Plastic 
sections were mounted on superfrost slides (Fisher) . The 
sections were either stained with 0.05% toluidine blue and 

2o photographed using Kodak 160T film, or used for Casparian 
strip detection or antibody staining. 

Casparian strip detection was performed as 
described previously (Scheres et al., 1995, Development 
121:53-62), with the following modif ications. Plastic 

25 sections were used and the counterstaining was done in 0.1% 
aniline blue for 5 to 15 min. The sections were visualized 
with a Leitz fluorescent microscope with a FITC filter. 
Pictures were taken using a Leitz camera attached to the 
microscope and Kodak HC400 film. Slides were digitized with 

30 a Nikon slide scanner and manipulated in Adobe Photoshop. 

For antibody staining, sections were blocked for 2 
hours at room temperature in 1% BSA in PBS containing 0.1% 
Tween 2 0 (PBT) . Samples were incubated with primary 
antibodies at 4° C in 1% BSA in PBT overnight, and then 

35 washed 3 times 5 minutes each with PBT. Samples were 
incubated for two hours with biotinylated secondary 
antibodies (Vector Laboratories) in PBT, and washed as above. 
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Samples were incubated with Texas Red conjugated avidin D for 
2 hours at room temperature, washed as before, and mounted in 
Citifluor. Immunofluorescence was observed with a 
fluorescent microscope equipped with a Rhodamine filter. 
5 Staining with the CCRC antibodies was performed as described 
previously (Freshour et al., 1996, Plant Physiol. 110:1413- 
1429) . 



15 



3 

O 20 



6. 1,5. MOLECULAR TECHNIQUES 
10 Genomic DNA preparation was performed using the 

Elu-Quik kit (Schleicher & Schuell) protocol. Radioactive 
and non-radioactive DNA probes were labeled with either 
random primed labeling or PCR-mediated synthesis according to 
the Genius kit manual (Boehringer Mannheim) . E. coll and 

Agrobacterium tumefaciens cells were transformed using a BIO- 

RAD gene pulser. Plasmid DNA was purified using the alkaline 
lysis method (Maniatis et al., Molecular Cloning: A 
Laboratory Manual, Cold Spring Harbor, New York: Cold Spring 
Harbor Laboratory, 1982) . 

A probe made from a rescued fragment of 1.2 kb was 
used to screen a wild-type genomic library made from WS 
plants. One genomic clone containing an insert of 
approximately 2 3 kb was isolated. A 3.0 kb Sac I fragment 
from the genomic clone, which hybridized to the 1.2 kb probe, 
was subcloned and sequenced (FIG. 5A) . Comparison of the 
nucleotide sequence between the genomic clone and the rescued 
plasmid revealed the site of the T-DNA insertion. 
Approximately 600,000 plaques from a cDNA library, obtained 
from inflorescences and siliques (Col ecotype) , and therefore 
enriched in embryos, were screened with the 1.2 kb probe. 
Four cDNA clones were isolated. The dideoxy sequencing 
method was performed using the Sequenase kit (United States 
Biochemical Corp.). Sequence-specific internal primers were 
synthesized and used to sequence the Sac I genomic as well 
the cDNA clones. Total RNA from plant tissues was obtained 
using phenol/chloroform extractions as described in Berry et 
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al., 1985, Mol. Cell. Biol. 5:2238-2246 with minor 
modifications. Northern hybridization and detection were 
performed according to the Genius kit manual (Boehringer 
Mannheim) . 

5 To identify the site of insertion of the enhancer- 

trap T-DNA, genomic DNA from ET199 homozygous plants was 
amplified using primers specific for the T-DNA left border 
and the SCR gene. An approximately 2.0 kb fragment was 

amplified. This fragment was sequenced and the site of 
0 insertion was found to be approximately 1 kb from the ATG 
start codon. 



6.1.6. IN SITU HYBRIDIZATION 
3 Antisense and sense SCR riboprobes were labeled 

with digoxigenin-ll-UTP (Boehringer Mannheim) using T7 

~? ^ 

yf polymerase following the manufacturer's protocol. Probes 

Jj* contained a 1.1 kb 3 1 portion of the cDNA. Probe 

yi purification, hydrolysis and quantification were performed as 

2() described in the Boehringer Mannheim Genius System user's 
y guide. 

M Tissue samples were fixed in 4 % formaldehyde 

o 

^ overnight at 4°C and rinsed two times in PBS (Jackson et al., 

*y 1991, PI. Cell 3:115-125). They were subsequently pre- 

embedded in 1 % agarose in PBS. The fixed tissue was 
dehydrated in ethanol, cleared in Hemo-De (Fisher Scientific, 
Pittsburgh, PA) and embedded in ParaplastPlus (Fisher 
Scientific) . Tissue sections (lOjm thick) were mounted on 
Superf rostPlus slides (Fisher Scientific) . Section 
pretreatment and hybridization were performed according to 
Lincoln et al., 1994, Plant Cell 6:1859-1876 except that 
proteinase K was used at 3 0 mg/ml and a two hour 
prehybridization step was included. A probe concentration of 
50 ng/ml/kb was used in the hybridization. 

Slides were washed and the immunological detection 
was performed according to Coen et al., 1990, Cell 63:1311- 
1322 with the following modifications. Slides were first 
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washed 5 hours in 5xSSC, 50% formamide. After RNase 
treatment, slides were rinsed three times (20 min each) in 
buffer (0.5 M NaCl, 10 mM Tris-HCl pH 8.0, 5 . 0 mM EDTA) . In 
the immunological detection, antibody was diluted 1:1000, 
5 levamisole (240 ng/ml) was included in the detection buffer, 
and after stopping the reaction in 10 mM Tris, 1 mM EDTA, 
sections were mounted directly to Aqua-Poly/Mount 
(Polysciences, Warrington, PA) . 

10 6.2. RESULTS 

6.2.1. CHARACTERIZATION OF THE SCR PHENOTYPE 

The scarecrow mutant scr-1 was isolated in a screen 

of T-DNA transformed Arabidopsis lines (Feldmann, K.A., 1991, 
Plant J. 1:71-82), as a seedling with greatly reduced root 

15 

length compared to wild-type (Scheres et al., 1995, 
Development 121:53-62). A second mutant scr-2 with a similar 

phenotype was subsequently identified among T-DNA transformed 
lines. Analysis of co-segregation between the mutant 
20 phenotype and antibiotic resistance carried by the T-DNA 
indicated tight linkage for scr-1 and no linkage for scr-2 

(see Experimental Procedures) . An antibiotic sensitive line 
of scr-2 was isolated and crossed with scr-1. The F2 progeny 

of this cross were all mutant and segregated 3:1 for 
25 antibiotic resistance confirming allelism (see Materials & 
Methods) . The principal phenotypic difference between the 
two alleles was that scr-1 root growth was more retarded than 

that of scr-2 , suggesting that it is the stronger allele 

(FIG. 2 A) . For both alleles, the aerial organs appeared 

30 ... 

similar to wild-type and the flowers were fertile (FIGS. 2A 

and 2B) . The progeny of backcrosses of scr-1 or scr-2 to 
wild-type plants segregated 3:1 for the root phenotype for 
both alleles, indicating that each mutation is monogenic and 
recessive. 

35 

Analysis of transverse sections through the primary 
root of seedlings revealed only a single cell layer between 
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the epidermis and the pericycle (FIG. 2C) instead of the 
normal radial organization consisting of cortex and 
endodermis (FIG. 2D) . This radial organization defect was 
not limited to the primary root, but also was present in 
5 secondary roots (FIG. 2E) and in roots regenerated from calli 
(FIG. 2F) . Occasionally, defects were observed in the number 
of cells in the remaining cell layer (more than the invariant 
eight (8) found in wild-type) . Abnormal placement or numbers 
of epidermal cells also were observed (see FIG. 2E) . These 
10 abnormalities were more frequently observed in scr-2 than in 
scr-2 . Nevertheless, organization of the mutant root closely 

resembles that of wild-type except for the consistent 
reduction in the number of cell layers. Because the 
endodermis and cortex are normally generated by an asymmetric 
division of the cortex/ endodermal initial, this indicates 
that the primary defect in scr is disruption of this 

asymmetric division. 

It has been shown that the radial organization 
2Q defect in scr-1 first appears in the developing embryo at the 

early torpedo stage and manifests itself as a failure of the 
embryonic ground tissue to undergo the asymmetric division 
into cortex and endodermis (Scheres et al. f 1995, Development 
121:53-62). This defect extends the length of the embryonic 

25 axis which encompasses the embryonic root and hypocotyl. 

Other embryonic tissues appear similar to wild-type (Scheres 
et al., 1995, Development 121:53-62). In seedling hypocotyls 
of the scarecrow phenotype, two cell layers instead of the 
normal three layers (two cortex and one endodermis) between 

30 epidermis and stele were found. This would be the expected 
result of the lack of the division of the embryonic ground 
tissue. Similar results were obtained for scr-2. Hence, 

this mutant identifies a gene involved in the asymmetric 
division that produces cortex and endodermis from ground 
35 tissue in the embryonic root and hypocotyl and from the 
cortex/endodermal initials in primary and secondary roots. 
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6.2.2. CHARACTERIZATION OF CELL IDENTITY IN SCR 
ROOTS 

To understand the role of the Arabidopsis SCR gene 

in regulating this asymmetric division, it was necessary to 
5 determine the identity of the mutant cell layer. Tissue- 
specific markers were used to distinguish between several 
possibilities. The cell layer could have differentiated 
attributes of either cortex or endodermis. Alternatively, it 
could have an undifferentiated, initial-cell identity or it 
10 could have a chimeric identity with differentiated attributes 
of both endodermis and cortex in the same cell. 

Transverse sections of scr-1 and scr-2 roots were 

n assayed for the presence of tissue-specific markers. The 

SO Caspar ian strip, a deposition of suberin between radial cell 

15 walls, is specific to endodermal cells and is believed to act 
as a barrier to the entry of solutes into the vasculature 
(Esau, K. Anatomy of Seed Plants, New York: John Wiley & 
Sons, 1977, Ed. 2, pp. 1-550). Histochemical staining 
revealed the presence of a casparian strip in the mutant cell 
20 layer (FIG. 3A, compare to wild-type, FIG. 3B) . It is noted 
that in the vascular cylinder, this histochemical stain also 
reveals the presence of lignin, indicating the presence of 
differentiated xylem cells in mutant (FIG. 3 A) and wild- type 
(FIG. 3B) . Another marker of the differentiated endodermis 
25 is the arabinogalactan epitope recognized by the monoclonal 
antibody, JIM13 (Knox et al., 1990, Planta 181:512-521). The 
mutant cell layer showed staining with this antibody 
(FIG. 3C, compare with wild-type, FIG. 3B) . As a positive 
control, the JIM7 antibody that recognizes pectin epitopes in 
30 all cell walls was used (FIGS. 3E and 3F) . These results 
indicate that the cell layer between the epidermis and the 
pericycle has differentiated attributes of the endodermis. 

As a marker for the cortex, the CCRC-M2 monoclonal 
antibody was used. This antibody recognizes a cell wall 
35 oligosaccharide epitope, found only on differentiated cortex 
and epidermis cells. In sections from the differentiation 
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m 



25 



30 



zone of scr-1 and scr-2 , both cortex and epidermal cells 

showed staining (FIG. 4A and 4B) that was similar to that of 
wild-type (FIG. 4C) . In scr-1 , staining of both cell types 

was apparent, but staining of cortex was somewhat weaker than 
wild-type. The positive control used the CCRC-M1 monoclonal 
antibody which recognizes an oligosaccharide epitope found on 
all cells (FIGS. 4D-F) . 

With the CCRC-M2 antibody, an interesting 
difference was observed between the staining pattern of the 
mutants as compared to wild-type. The appearance of this 
epitope correlates with differentiation in these two cell 
types. Normally, in sections close to the root tip, there is 
no staining. In sections higher up in the root, 
atrichoblasts (epidermal cells that do not make root hairs) 
stain. In sections from more mature root tissue, all 
epidermal cells as well as cortex cells stain for this 
epitope. In both scr-1 and scr-2, sections could be found in 

which all epidermal cells stained while there was little 
detectable staining of cortex cells. Although not precisely 
identical to the wild-type staining pattern, the fact that 
the mutant cell layer clearly stains for this cortex marker 
indicates that there are cortex differentiated attributes 
expressed in these cells. 

Taken together, these results indicate that the 
mutant cell layer has differentiated attributes of both the 
endodermis and cortex. The possibility that there has been a 
simple deletion of a cell type, or that the resulting cell 
type remains in an undifferentiated initial-like stage can be 
ruled out. This result is consistent with a role for the SCR 

gene in regulating this asymmetric division rather than a 
role in directing cell specification. 



35 
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6.2.3. MOLECULAR CLONING OF THE SCR GENE 



To further elucidate the function of the 
Arabidopsis SCR gene, the inserted T-DNA sequences were used 

to clone the gene. Plant DNA flanking the insertion site was 
obtained from scr-1 by plasmid rescue and used to isolate the 

corresponding wild-type genomic DNA. Several cDNA clones 
were isolated from a library made from silique tissue. 
Comparison of the sequence of the longest cDNA and the 
corresponding genomic region revealed an open reading frame 
(ORF) interrupted by a single small intron. (FIG. 5A) . A 
potential TATA box and polyadenylation signal that matched 
the consensus sequences for plant genes were also identified 
(Joshi, CP., 1987, Nucl. Acids Res. 15:6643-6653); Heidecker 
& Messing, 1986, Ann. Rev. Plant Physiol. 37:439-466); Mogen 
et al., 1990, Plant Cell 2:1261-1272). 

Comparison of the nucleotide sequence between the 
genomic clone and the rescued plasmid placed the site of the 
T-DNA insertion in scr-1 at codon 470 (FIGS. 5A and 5B) . For 

20 scr-2, although no linkage was found between the mutant 
phenotype and antibiotic resistance, DNA blot and PCR 
analysis of antibiotic sensitive lines revealed the presence 
of T-DNA sequences that co-segregated with the mutant 
phenotype. The insertion position in scr-2 was determined by 

25 cloning and sequencing the PCR products amplified from its 
genomic DNA using a combination of T-DNA and SCR specific 
primers at both sides of the insertion (FIG. 5B) . In scr-2, 

the T-DNA insertion point is at codon 605 (FIG. 5A and 5B) . 

To verify linkage between the cloned gene and the 

30 

mutant phenotype, we identified the chromosomal location of 
both the scr locus and the SCR gene. To map the scr locus, 

molecular markers were used on F2 progeny of crosses between 
scr-2 (ecotype Wassilewski ja, Ws) and Colombia (Col) WT. 

35 These placed the scr locus at the bottom of chromosome III, 
approximately 0.5 cM away from each of the two closest 
markers available, cdc2b and BGL1 (Konieczny and Ausubel, 
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1993, Plant J. 4:403-410). To map the SCR gene, we 

identified a polymorphism between Col and Landsberg (Ler) 
ecotypes using the SCR probe b (FIG. 5B) . Southern analysis 

of 25 recombinant inbred lines (Jarvis et al., 1994, Plant 
Mol. Biol. 24:685-687) mapped the cloned gene to the same 
location as the SCR locus on chromosome III. 

The determination of the molecular defects in two 
independent alleles and the co-localization of the cloned 
gene and the mutant locus confirms that we have identified 

10 

the SCR gene. 

6.2.4. THE SCR GENE HAS MOTIFS THAT INDICATE IT 
IS A TRANSCRIPTION FACTOR 

15 The Arabidopsis SCR gene product is a 653 amino 

acid polypeptide that contains several domains (FIG. 5B) . 
The amino-terminus has homopolymeric stretches of glutamine, 
serine, threonine and proline residues, which account for 44% 
of the first 267 residues. Domains rich in these residues 

2 0 have been shown to activate transcription and may serve such 
a role in SCR (Johnson et al., 1993, J. Nutr. Biochem 4:386- 
398) . A charged region between residues 2 65 and 28 3 has 
similarity to the basic domain of the bZIP family of 
transcriptional regulatory proteins (FIG. 5C) (Hurst, H.C., 

25 1994, Protein Profile 1:123-168). The basic domains from 
several bZIP proteins have been shown to act as nuclear 
localization signals (Varagona et al., 1992, Plant Cell 
4:1213-1227), and this region in SCR may act similarly. This 
charged region is followed by a leucine heptad repeat 

30 (residues 291-322). A second leucine heptad repeat is found 
toward the carboxy-terminus (residues 436 to 473) . As 
leucine heptad repeats have been demonstrated to mediate 
protein-protein interactions in other proteins (Hurst, H.C., 

1994, Protein Profile 1:123-168), the existence of these 
35 motifs suggests that SCR may function as a dimer or a 

multimer. The second leucine heptad repeat is followed by a 
small region rich in acidic residues, also present in a 
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number of defined transcriptional activation domains (Johnson 
et al., 1993 / J. Nutr Biochem 4:386-398). While each of 
these domains has been found within proteins that do not act 
as transcriptional regulators, the fact that all of them are 
found within the deduced SCR protein sequence indicates that 
SCR is a transcriptional regulatory protein. 

6.2.5. SCR IS A MEMBER OF A NOVEL PROTEIN FAMILY 
The Arabidopsis SCR protein sequence was compared 

with the sequences in the available databases. Eleven 
expressed sequence tags (ESTs) , nine from Arabidopsis, one 
from rice and one from maize, showed significant similarity 
to residues 394 to 435 of the SCR sequence, a region 
immediately amino-terminal to the second leucine heptad 
repeat (FIGS. 15K-L) . This region is designated the VHIID 
domain. Subsequent analysis of these EST sequences has 
revealed that the sequence similarity extends beyond this 
region; in fact, the similarity extends throughout the entire 
known gene products. The combination and order of the motifs 
found in these sequences do not show significant similarity 
to the general structures of other established regulatory 
protein families (i.e., bZIP, zinc finger, MADS-domain and 

homeodomain) , indicating that the SCR proteins comprise a 
novel family. 

6.2.6. SCR IS EXPRESSED IN THE CORTEX/ END ODERMAL 
INITIALS AND IN THE ENDODERMIS 

RNA blot analysis revealed expression of SCR in 

Arabidopsis siliques, leaves and roots of wild-type plants 
(FIG. 6A) . No hybridization was detected to RNA from scr-1 

plants (FIG. 6B, lane 2) . This indicates that scr-1 has a 

reduced level of RNA expression and may represent the null 
phenotype. Hybridization to RNA species larger than the 
normal size were detected in scr-2 . This indicates that 
abnormal SCR transcripts are made in this allele, suggesting 
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that functional but possibly altered proteins may be 
produced. 

To determine if expression was localized to any 
particular cell type, RNA in situ hybridization was performed 

5 on sections of root tissue. In mature roots, expression was 
localized primarily to the endodermis (FIGS. 7A and 7B) . 
Expression appeared to start very close to, or within, the 
cortex /endodermal initials and continue up the endodermal 
cell file as far as the section extended. Expression was 
10 detected also in late-torpedo stage embryos in the endodermis 
throughout the embryonic axis (FIG. 7C) . Sense strand 
controls showed only background hybridization (FIG. 7D) . 

To determine whether the localization of SCR RNA 

was regulated at the transcriptional or post-transcriptional 

15 

level, enhancer trap (ET) lines were prepared and examined in 
which the 3~glucuronidase (uid-A or GUS) coding sequence with 
a minimal promoter was expressed in the root endodermis. 
(See Section 7, infra). Restriction fragment length 

20 polymorphisms were observed when DNA from one of these lines, 
ET199 and wild-type were probed with SCR. PCR and sequence 

analysis confirmed that the enhancer-trap construct had 
inserted approximately 1 kb upstream of the SCR start site 

and in the same orientation as that of SCR transcription. 

25 In mature roots, expression in ET199 whole mounts 

showed a similar pattern to that of the in situ 

hybridizations, with the strongest staining present in 
endodermal cells (FIG. 7E) . Transverse sections indicated 
that expression was primarily in endodermal cells in the 

30 

elongation zone (FIG. 7F) . Longitudinal sections through the 
meristematic zone revealed that expression could be detected 
in the cortex/endodermal initial (FIG. 7G) . Of particular 
interest was the restriction of expression to the endodermal 
daughter cell after the periclinal division (FIG. 7G) . This 

35 

indicated that the expression pattern observed in the in situ 
analysis was not due to post-transcriptional partitioning of 
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SCR RNA. Rather, it suggests that after the periclinal 

division of the cortex/endodermis initial, only one of the 
two cells is able to transcribe SCR RNA. 

6.3. DISCUSSION 

6.3.1. THE SCR GENE REGULATES AN ASYMMETRIC 
DIVISION REQUIRED FOR ROOT RADIAL 
ORGANIZATION 

The formation of the cortex and endodermal layers 
in the Arabidopsis root requires two asymmetric divisions. 
In the first, an anticlinal division of the cortex /endodermal 
initial generates two cells with different developmental 
potentials. One will continue to function as an initial, 
while the other undergoes a periclinal division to generate 
the first cells in the endodermal and cortex cell files. 
This second asymmetric division is eliminated in the 
scarecrow mutant, resulting in a single cell layer instead of 

two. The scr mutation appears to have little effect on any 

other cell divisions in the root indicating that it is 
involved in regulating a single asymmetric division in this 
organ. Several other mutations have been characterized that 
appear to affect specific cell division pathways in 
Arabidopsis. These include knolle (kn) , in which formation 
of the epidermis is impaired (Lukowitz et al., 1996, Cell 
84:61-71); wooden leg (vol), in which vascular cell division 

is defective (Scheres et al., 1995, Development 121:53-62) 
and fass (fs), in which there are supernumerary cortex and 

vascular cells (Scheres et al., 1995, Development 121:53-62); 
Torres Ruiz & Jurgens, 1994, Development 120:2967-2978). 
Only in the case of scr and short-root (shr) mutants has it 

been shown that the defect is in a specific asymmetric 
division. 

Mutational analyses in several organisms have 
revealed that the genes that regulate asymmetric divisions 
can be specific to a single type of division or can affect 
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divisions that are not clonally related (Horvitz & 
Herskowitz, 1992, Cell 68:237-255). In most cases, these 
mutations result in the formation of two identical daughter 
cells with similar developmental potentials (Horvitz & 
5 Herskowitz, 1992, Cell 68:237-255)* Both resulting cells 
have the identity of one or the other of the normal daughter 
cells, an example of which is the swi~ mutation in 
S. cerevisiae (Nasmyth et al. f 1987, Cell 48:579-587). 

However, there are also examples of mutations that result in 
0 the formation of chimeric cell types such as the ha.m-1 

mutation in C. elegans (Desai et al. , 1988, Nature 336:638- 

646) . 



6.3.2. SCR INVOLVEMENT IN CELL 

SPECIFICATION OR CELL DIVISION 

Genes that regulate asymmetric cell divisions can 
be divided into those that specify the differentiated fates 
of the daughter cells and those that function to effect the 
20 division of the mother cell (Horvitz & Herskowitz, 1992, 

Cell, 68:237-255). The aberrant cell layer formed in the scr 

mutant has differentiated features of both endodermal and 
cortex cells. Thus, scr is in the rare class of asymmetric 

division mutants in which a chimeric cell type is created. 
25 The ability to express differentiated characteristics of 

cortex and endodermal cells implies that the differentiation 
pathways for both of these cell types are intact and do not 
require the functional SCR gene. This indicates that SCR is 

involved primarily in regulating a specific cell division, 
30 and that the correct occurrence of this division can be 

unlinked from cell specification. This is in contrast to the 
shr mutant, in which the periclinal division of the 

cortex /endodermal initial also fails to occur and the 
resulting cell lacks endodermal markers (Benfey et al., 1993, 

35 

Development 119:57-70) and has cortex attributes. A genetic 
analysis was used to address the function of SHR and SCR in 
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the asymmetric division of the cortex/ endodermal initial. 
Placing mutants of each of these genes in a fs mutant 

background answered whether the supernumerary cell divisions 
characteristic of fs were sufficient to restore normal cell 

identities (Scheres et al., 1995, Development 121:53-62). In 
the shr,fs double mutant, there were additional cell layers 

but no endodermal, indicating that the SHE gene has a role in 

specifying cell identity. In the scr,fs double mutant, no 

10 alteration in cell identity was observed as compared to fs 

(Scheres et al., 1995, Development 121:53-62). Taken 
together with the cell marker analysis presented herein, 
these results are consistent with a role for SCR in 
generating the division of the mother cell while the SHR gene 

15 

may be involved in specifying the fate of the endodermal 
daughter . 



6.3.3. A ROLE FOR SCR IN EMBRYONIC DEVELOPMENT 

20 At least one additional cell division appears to be 

affected in the scr mutant. During embryonic development, 

the ground tissue does not divide to form the endodermal and 
cortex layers of the embryonic root and hypocotyl. As shown 
herein, expression of SCR was detected in the endodermal 

2 5 tissue throughout the embryonic axis shortly after this 
division occurs. Thus, SCR may play a direct role in 

regulating both this division and the division of the 
cortex/ endodermal initial in the root apical meristem. 
Alternatively, the radial organization established in the 
30 embryo may somehow act as a template that directs the 

division of the cortex/ endodermal initial, thus perpetuating 
the pattern. This is consistent with the finding in the scr 
mutant that the aberrant pattern established in the embryo is 
perpetuated in the primary root. It also is consistent with 

35 

a recent study in which the daughter cells of the 
cortex/endodermal initial were laser ablated (van den Berg et 
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al., 1995, Nature 378:62-65). When a single daughter cell 
was ablated, it was replaced by a cell that followed the 
normal asymmetric division pattern* When three adjacent 
daughter cells were ablated, the central initial divided 
5 anticlinally but failed to perform the periclinal division 
(van den Berg et al. , 1995, Nature 378:62-65). This provided 
evidence that information from mature cells is required for 
the correct division pattern of cortex/endodermal initials 
suggesting a "top down" transfer of information. However, 
10 the absence of a cell layer in lateral roots and callus- 
derived roots of the scr mutant suggests that embryo events 
are not unique in their ability to establish radial 
organization. Rather, these observations implicate SCR in 

regulating both embryonic and post-embryonic root radial 
organization . 



6.3.4. TISSUE-SPECIFIC EXPRESSION OF SCR IS 

REGULATED AT THE TRANSCRIPTIONAL LEVEL 

2Q Although not intending to be limited to any theory 

or explanation regarding the mechanism of SCR action, the 

cloning of the gene and the expression pattern provide some 
clues as to the role of SCR in the regulation of a specific 

asymmetric division. The SCR gene is expressed in the 

25 cortex/endodermal initial, but immediately after division is 
restricted to the endodermal lineage. A similar pattern is 
seen in the ET199 enhancer trap line in which SCR regulatory 
elements are in proximity to a GUS gene, indicating that SCR 
restriction to the endodermal cell file is due to 

30 

differential regulation of expression of the SCR gene in this 
cell and the first cell in the cortex file. Another marker 
line in which expression of GUS is detected only in the 
cortex daughter cell provides a control for differential 
degradation of GUS RNA or protein. Thus, partitioning of SCR 
RNA as a means of achieving this segregation of expression 
can be ruled out. What remains to be determined is whether 
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this difference in transcriptional activity of the two 
daughter cells is due to internal polarity of the mother cell 
prior to division such that cytoplasmic determinants are 
unequally distributed, or to external polarity that 
5 influences cell fate after division. Since SCR is expressed 

prior to cell division, an attractive hypothesis is that it 
is involved in establishing polarity in the cortex /endodermal 
initial. The sequence of the SCR protein strongly suggests 
that it acts as a transcription factor. Hence, it may act to 

0 regulate the expression of other genes essential for the 
establishment of unequal division. Alternatively, it is 
conceivable that it could play a role in creating an external 
polarity that provides a signal to divide asymmetrically. 
Its expression in more mature endodermal cells is consistent 

5 with a role in "top-down" signaling. 



6.3.5. A NEW FAMILY OF TRANSCRIPTIONAL REGULATORS 
Analysis of at least eighteen EST clones found in 
the GenBank database reveals that the proteins they encode 
share a high degree of homology with Arabidopsis SCR protein. 
See Tables 1 and 2 and FIGS. 15A-S and 28A-AH. Further 
sequence analysis of the encoded proteins indicate that a 
high degree of sequence similarity extends from at least the 
highly conserved VHIID domain to the carboxy-terminus of the 
gene products. Comparison of the amino termini of these 
proteins is precluded by the fact that the ESTs are 
incomplete. The high degree of similarity among these 
proteins, in combination with the motifs observed in the SCR 
protein (homopolymeric motifs, two leucine heptad repeats and 
a bZIP-like basic domain that may also function as a nuclear 
localization sequence) indicates that these proteins form a 
novel class of regulatory proteins. 

The insertion sites of the T-DNA in the two scr 

mutant alleles raised the possibility that the mutant 
phenotype was due to the production of truncated proteins. 
Northern blot analysis indicated SCR RNA is undetectable in 
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scr-2. This suggests that the phenotype is either the null, 

or due to highly reduced RNA expression. In scr-2 , an 

alteration in RNA size was detected which would be consistent 
with the presence of a functional and possibly truncated 
protein. This could provide an explanation for the 
observation that scr-2 appears to be the weaker allele. 

7. EXAMPLE 2: ENHANCER TRAP ANALYSIS OF ROOT DEVELOPMENT 
An enhancer trap system was used in order to 
provide a more detailed molecular analysis of gene expression 
in lateral root patterning and development in Arabidopsis 

thaliana. A new collection of marker lines that express (3- 

glucuronidase (GUS) activity in a cell-type specific manner 
in each of the cells of the root was generated. These lines 
allow differentiation of cells to be monitored based on 
molecular characteristics. One of these marker lines, ET199, 
resulted from the integration of the GUS cassette in 
proximity to a SCR enhancer. The results described below 

demonstrate that transcriptional activation of the SCR gene 

plays an important role in root development in Arabidopsis, 
and that SCR gene transcriptional regulatory elements can 

express a transgene in a developmentally and tissue specific 
manner . 

7.1. MATERIALS AND METHODS 

7.1.1. PLANT GROWTH CONDITIONS: 

Arabidopsis seeds from NO-0 and Columbia ecotypes 
were sterilized and sown on MS plates containing 4.5% 
sucrose. Plates were oriented vertically and maintained 
under an 18 hours light, 6 hours dark cycle. 

7.1.2. HISTOLOGY AND GUS STAINING: 

For observation of lateral roots, roots were 
removed from plates and infiltrated in 25% glycerol for 
several hours to overnight. Roots were then mounted in 50% 



glycerol. whole seedlings were stained for GUS activity for 
up to three days in the following solution: ix GUS buffer 
20% methanol, 0.5 mg/ml x-Glu. Addition of methanol greatly 
improves the specificity and reproducibility of staining 
Stainmg solution was made fresh from a 10X buffer (1 M Tris 
PH7.5, 290 mg NaCI, 66 mg K 3 Fe(CN) 6 ) that was stored for no 
more than one week. Stained roots were cleared in glycerol 
and mounted as above. All samples were observed using 
Nomarski optics on a Leitz Laborlux S microscope 
10 Photographs were taken using a Leitz MPS52 camera, and images 
were scanned into Adobe Photoshop to create figures. m some 
cases the intensity of the blue color was increased. 



7.1.3 



CONSTRUCTION OF F NHANCFR TR AP LTMFS- 



15 Plant Zoning Vector (PCV) (Koncz et al. 1994 

Specialized vectors for gene tagging and expression studies 
ln Plant Mo1 ^"1-*r Biology , Gelvin & Schilperoort , 

eds., vol. B2, pp. i-2, Kluover Academic Press, Dordrecht 
The Netherlands) contains a Bam HI site immediately adjacent 
to the T-DNA right border sequence. The 3 -glucuronidase gene 
fused to the TATA region (-46 to 78) of the CaMV 35S promoter 
was introduced into this site (Benfey et al., 1990, EMBO J 
9:1677-1684). 350 transgenic lines were generated by 
^ Agrobacterium mediated root transformation (Marton & Browse, 
1991, Plant Cell Reports 10:235-239), and 4 independent lines 
from each transformant were screened for GUS activity in the 
root. 



7.2. RESULTS 

7 «2.1. DIFFEREN TIATION TN THK T.PP 
The marker lines described above reflect patterns 
of gene expression that are specific to individual root cell 
types. There are no readily apparent mutant phenotypes in 
any of these lines. Therefore, they can be used to analyze 
the differentiation state of the cells during normal 
development of the lateral root primordial (LRP) . if there 
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are stages at which the pericycle cells proliferate in the 
absence of patterning, it can be expected that all cells 
would be identical with none expressing differentiated 
characteristics. In contrast, organization of the LRP would 

5 be reflected in differential patterns of GUS gene expression, 
with certain cells beginning to turn on transcription from 
differentiated cell-type specific promoters (i.e., those that 
drive GUS expression in the enhancer trap lines) . 

The process of lateral root formation is divided 

0 into the following seven stages: 



15 



20 



25 



Stage I: The LRP is first visible as a set of pericycle 
cells that are clearly shorter in length than their 
neighbors, having undergone a series of anticlinal divisions. 
Laskowski et al., 1995, Dev. 121:3303-3310 predict that there 
are approximately 4 founder pericycle cells involved. In the 
longitudinal plane, these divisions result in the formation 
of 8-10 small cells, which enlarge in a radial direction. 

Stage II: A periclinal division occurs that divides the LRP 
into two layers (Upper Layer (UL) and Lower Layer (LL) ) . Not 
all the small pericycle-derived cells appear to participate 
in this division — typically the most peripheral cells do 
not divide. Hence, as the UL and LL cells expand radially, 
the domed shape of the LRP begins to appear. 



Stage III: The UL divides periclinally , generating a three 
layer primordium comprised of UL1, UL2 and LL. Again, some 
peripheral cells do not divide, creating peripheral regions 
that are one and two cell layers thick. This further 
emphasizes the domed shape of the LRP. 



35 
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Stage IV: The LL divides periclinally , creating a total of 
four cell layers (UL1, UL2 , LL1, LL2) . At this stage, the 
LRP has penetrated the parent endodermal layer. 

Stage V: The central cells in LL2 undergo a number of 
divisions that push the overlying layers up and distort the 
cells in LL1. These divisions are difficult to visualize at 
this stage, but clearly form a knot of mitotic activity. The 
LRP at this stage is midway through the parent cortex. The 
outer layer contains 10-12 cells. 

Stage VI: This stage is characterized by several events. 
The four central cells of UL1 divide periclinally. This 
division is particularly useful in identifying the median 
longitudinal plane in the enlarging LRP. At this point, 
there are a total of twelve cells in UL1, four in the middle 
that have undergone the periclinal division and four on 
either side. In addition, all but the most central cells of 
UL2 undergo a periclinal division. At this point the LRP has 
passed through the parent cortex layer and has penetrated the 
epidermis. The central cells apparently derived from LL2 
have a distinct elongated shape characteristic of vascular 
elements. 

Stage VII: As the primordium enlarges, it becomes difficult 
to characterize the divisions in the internal layers. 
However, the cells in the outermost layer can still be seen 
very clearly. All of these cells undergo an anticlinal 
division, resulting in 16 central cells (8 cells in each of 
two layers) flanked by 8-10 cells on each side. We refer to 
this as the 8-8-8 cell pattern. The LRP appears to be just 
about to emerge from the parent root. 
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7.2.2. MARKER LINES 

An enhancer trapping cassette was generated by 
fusing the GUS coding sequence to the minimal promoter of the 
3 5S promoter from CaMV. This minimal promoter does not 
5 produce a detectable level of GUS expression. However, its 
presence allows other upstream elements to direct GUS 
expression in a developmental and/or cell-specific manner 
(Benfey et al., 1990, EMBO J. 9:1677-1684). The use of a 
minimal promoter instead of a promoter less construct allows 

10 GUS expression to occur even if the enhancer trap cassette 
inserts at a distance from the coding region. Since the 
insert does not have to be within the structural gene, there 
are often no mutations generated in the enhancer trap lines. 
The minimal promoter: GUS construct was cloned immediately 

15 adjacent to the T-DNA right border sequence of PCV (Koncz et 
al., supra) and introduced into Arabidopsis. 350 independent 

lines were generated and analyzed for GUS activity in the 
root. The following lines most clearly define each cell 
type. All of the lines were generated through enhancer 

2 0- 

trapping, as described herein, below, except for CorAX92 
(Dietrich et al., 1992, Plant Cell 4:1371-1382) and 
EpiGL2:GUS (Masucci et al., Dev. 122:1253-1260) which are 
transgenic plants that contain cell-type specific promoters 
fused to the GUS gene. 

25 

Ste05 - expresses GUS in the stele including the pericycle 
layer throughout primary and lateral roots. At the root tip, 
staining becomes weaker in the elongation zone; therefore, it 
is likely that only differentiated stele cells express GUS 

3 0 

activity. Stelar GUS expression is seen also in aerial parts 
of the plant. 

Endl95 - expresses GUS in the endodermis of primary and 
lateral roots. Staining can be seen most clearly in the 

3 5 

cells m the meristematic region of the root, although 
overstaining shows that more mature cells also express some 
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GUS activity. It appears that there is no staining in the 
cortex/ endodermal initial, but staining is evident in the 
first daughter cell of this initial* GUS expression is seen 
also at the base of young leaves and in the stipules. 

5 

ET199 - expresses GUS in the endodermis of primary and 
lateral roots, again most clearly in cells in the 
meristematic region. Unlike Endl95, staining in ET199 
appears to continue down to the cortex/ endodermal initial 
10 and, in younger roots, even into the cells of the quiescent 
center. Expression in the aerial parts of the plant is 
detectable in the young leaf primordia. 

CorAX92 - This line was generated by fusing the 5 1 and 3' 
15 sequences from a cortex specific gene isolated from oilseed 
rape to the GUS reporter gene (Dietrich et al., Plant Cell 
4:1371-1382). Expression is limited to the cortex layer, 
extending to, but not including, the cortex/ endodermal 
initial. Staining is also apparent in the petioles and leaf 
2 0 blades of expanded leaves. 

EpiGL2:GUS - This line was generated by fusing the GL2 
promoter to the GUS gene (Masucci et al. , Dev. 122:1253- 
1260) . Expression is seen in the non-hair forming epidermal 
25 cells (atrichoblasts) . Staining is seen near the root tip, 
but it is difficult to determine if it includes the epidermal 
initial. Staining is seen also in the trichomes, leaf 
primordia and the epidermis of the hypocotyl and leaf 
petioles. 

30 

CRC219 - This line shows staining in the columella root cap 
only. 

LRC244 - This line shows staining in the lateral root cap 
35 only. 
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RC162 - This line shows staining in both the lateral and 
columella root caps. 

Two marker lines show differential staining at 
5 very early stages of LRP development. One of these, ET199, 
presents a complex and dynamic pattern of expression. 
Staining is first apparent at stage II in only the four 
central cells of the UL. At stage III, staining is strongest 
in the central cells of UL2. As the LRP reaches stage V, the 
10 staining remains strongest in the central 2-4 cells of UL2 . 
By stage VI, staining also begins to extend into the newly 
formed endodermal layer, and staining in both the central 
cells and endodermis persists beyond emergence of the lateral 
root. 

15 Another line, LRB10 (lateral root base) , does not 

express GUS in the primary root tip. Staining in the LRP is 
seen at stage I, and at stage II all the cells of the UL and 
LL are stained. However, by stage IV and V only, the cells 
at the periphery of the LRP still are expressing GUS. As the 

2 0 LRP develops, these cells continue to stain, although less 
intensely, resulting in a ring of GUS expressing cells at the 
base of the LR. 

LRB10 and ET199 clearly demonstrate non- identity 
between the cells at very early stages, stage IV in the case 

25 of LRB10 and within the UL at stage II in ET199. In 

addition, although it is difficult to identify the nature of 
the cells that correspond to the observed staining pattern in 
LRB10 and the early staining cells of ET199, post-emergent 
lateral roots show analogous staining in these lines, 

30 suggesting that the stained cells already are expressing 

markers that reflect their differentiated cell fates. Hence, 
these observations suggest a very early onset of 
differentiation in the cells of the LRP. 



7.2-3, 



01 
Ul 



ET199 PROVIDES EVIDENCE FOR THE ROLE OF 
SCR IN PLANT DEVELOPMENT 

Fortuitously, it was discovered that the GUS 
cassette in ET199 described Section 7.2.2, above, is situated 
approximately 1 kb upstream from the SCR gene . The SCR cDNA 
was labelled and used to probe genomic DNA from WT and ET199 
Plants. The band pattern seen in the Southern was completely 
consistent with a T-DNA inserted 1 kb upstream of the 
io putative SCARECROW start site. Subsequently, a DNA fragment 
was PGR amplified using a primer within the T-DNA and a 
pr«er within SCARECROW. The size of this fragment was 
consistent also with the predicted insertion site. Partial 
sequencing of the PGR fragment confirmed the presence of 
15 SCARECROW sequence. Mutants in the SCR gene are completely 
lacking one of the radial layers between the epidermis and 
pericycle in both primary and lateral roots, due to the 
absence of specific cell division during embryogenesis and of 
the cortex/endodermal initial during post-embryonic growth 
20 The expression pattern (described in Section 7.2.2., above) 
that was observed in the central cells of the developing LRP 
of ET199 provides strong evidence that the cells in this 
region are involved in the establishment of the meristematic 
inxtials. More importantly, these results demonstrate that 
25 transcriptional activation of the SCR gene plays a major role 
in the development of the Arabidopsis LRP. Furthermore 
these results demonstrate that a transgene can be expressed 
under the control of SCR gene transcriptional regulatory 
3Q elements in a developmental and tissue-specific manner. 



35 
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8. EXAMPLE 3: ACTIVITY OF ARABIDOPSIS SCR 
PROMOTER IN TRANSGENIC BflDTg 

The expression pattern of Arabidopsis SCR has 
been determined by analysis of an enhancer trap line, ET199 
5 in which a GUS coding region with a minimal promoter was 
fortuitously inserted 1 kb upstream of the SCR coding region 
(see supra). m ET199 plants, GUS expression is detected in 
the endodermis, endodermal initials and sometimes in the 
iQ quiescent center (QC) of the root. See supra and Malamy and 
Benfey, 1997, Dev. 124:33-44. This expression pattern of SCR 
in the primary root has been confirmed by in situ analysis 
(See supra and Di Laurenzio et al., 1996, Cell 86:423-433). 

The following experiments demonstrate that 2 . 5 kb 
15 of 5- sequence upstream of the Arabidopsis SCR coding region 
is sufficient to confer SCR expression pattern to a 
heterologous gene. The 5- sequence used in these studies 
starts from the Hind III site approximately 2 . 5 kb upstream 
2q of the ATG initiation site and extends 3- downstream to the 
base pair immediately upstream of the ATG initiation site 
(see FIG. 14). This 5- sequence was fused to a GUS coding 
sequence. The resulting SCR promoter: : GUS construct was 
incorporated into an Agrobacterium vector, which was used to 
25 transform and generate transgenic roots using standard 
procedures. 

A large number of roots were regenerated. They 
show GUS staining pattern that is similar to the SCR 
expression pattern in ET199 plants (Figure 19, Panel f ) . 
30 Since organs regenerated from callus often have an abnormal 
morphology, transgenic roots were transferred to liquid 
culture. Roots grown in liquid culture appeared 
morphologically normal and showed GUS expression in the 
endodermis, endodermal initial and QC (Figure 19, Panel g) , 
35 similar to the expression pattern of SCR seen in the 

enhancer trap line ET199. These results indicate that the 
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2.5 kb region upstream of the SCR start site is sufficient to 
confer the SCR expression pattern in the root. 

The expression of the SCR promoter :: GUS construct 
was examined also in the scr mutant background. The scr 
mutant has an altered root organization (see, supra) . 
Whereas the wild-type root of Arabidopsis has four distinct 
cell layers surrounding the vascular tissue, the roots of scr 
mutant have only three. 
10 Transgenic roots of the scr mutant that contained 

a SCR promoter :: GUS construct were generated. As in the 

wild-type, a large number of transgenic roots were formed 
that had detectable GUS expression (Figure 20, Panel a) . 
These roots were shorter than wild- type regenerated roots, 
consistent with the shorter root phenotype of the scr mutant. 



Additional transgenic root experiments 
demonstrated that the SCR gene under control of its own 

UI promoter can rescue the scr mutant phenotype. Transgenic scr 

« 20 roots were generated that contained the full length SCR gene 

yj under the control of its own promoter. The length of 

p transgenic roots containing the construct were longer than 

S those of the scr mutant, indicating that the introduced SCR 

gene partially rescued the mutant. Whereas scr regenerated 

25 

roots that carried the SCR promoter :: GUS construct were very 

short (Figure 21, Panel a; and Figure 20, Panel a), roots 
transformed with the SCR promoter and coding region were 

noticeably longer (Figure 21, Panel b) . The difference was 
3 0 even more obvious in liquid culture, in which scr mutant 
roots remained short (Figure 21, Panel c) , while SCR gene 
complemented scr mutant roots were long and resembled wild- 
type roots (Figure 21, Panel d) . 

Anatomical studies of the regenerated roots 

35 . . 

confirmed the ability of the SCR promoter :: SCR gene construct 

to rescue the scr mutant phenotype. Whereas regenerated 
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roots of scr mutants were missing an internal layer (Figure 

21, Panel e) , the scr mutant roots that were transformed with 

the SCR promoter: iSCR gene construct had a radial 

5 organization that resembled wild-type root (Figure 21, 
Panel f ) . 

9. EXAMPLE 4: ISOLATION OF SCR SEQUENCES USING 
PCR-CLONING STRATEGY 

Based on the comparison of the sequences of SCR 

10 

paralogs in Arabidopsis, degenerate primers SCR3AII, SCR5AII 
and SCR5B were designed and used in PCR amplification of SCR 

sequences from genomic DNA of various plant species. The 
amplification was performed according to conditions described 
15 in Section 5.1.1., supra, using DNA isolated from maize 

plants grown from a commercial seed mixture. Amplification 
products (104 bp fragment for the SCR5B+SCR3AII primer 
combination; 146 bp fragment for the SCR5AIH-SCR3AII primer 
combination) were obtained, and each cloned into a T/A vector 

2 0 (Invitrogen, San Diego, CA) and sequenced. Two of the three 
different types of clones obtained had deduced amino acid 
sequences that were very similar to a part of the Arabidopsis 
SCR protein (i.e., approximately 90% identity), suggesting 
that they represent parts from two different alleles of the 

25 maize SCR gene (i.e., ZCR gene). The two clones each had 

only two conservative changes in their nucleotide sequence. 

The 146 bp amplification product, ZmScll, was 
subsequently used as a probe for screening of a genomic 
library generated in lambda BlueSTAR vector (NOVAGEN) from 

30 maize (Hill line) genomic DNA. The screening was performed 
according to the standard procedures described in Genius™ 
System User's Guide For Membrane Hybridization (Boehringer- 
Mannheim) : The probe was a single-strand DNA molecule 
corresponding to the ZmScll fragment produced by PCR (Genius, 

35 Boehringer-Mannheim) . Hybridization was performed according 
to recommendations of the manufacturer's manual 
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(Boehringer-Mannheim) . Prehybridization was for 2 hr in 50% 
formamide hybridization solution at 4 2°C. Hybridization was 
overnight at 42°C with 200 ng/ml probe concentration. 
Filters were washed twice at room temperature in 2x SSC, 0.1% 
5 SDS for 5 min, and for stringent washing at 65°C in 0.5x SSC, 
0.1% SDS twice for 15 min. 

A positive clone was identified. The clone 
contained a 13 kb insert, which was subcloned into a plasmid 
vector. The resulting plasmid was designated pZCR. A 5 kb 
10 Eco RI fragment containing the maize SCR (ZCR) sequence was 

subcloned and sequenced. The nucleotide sequence of the 
region containing a partial ZCR coding sequence is shown in 

FIG. 17A and the corresponding deduced amino acid sequence is 
shown in FIG. 17B. The ZCR protein contains a segment that 
is highly homologous to a corresponding segment in the 
Arabidopsis SCR protein (FIG. 17B) . This segment is flanked 
by segments of low homology. Thus, it is possible that the 
genomic clone of ZCR is a composite clone, containing 

sequences that are not ZCR sequences. 

20 ... 

The deduced ZCR protein sequence was aligned with 

that of Arabidopsis SCR protein. The comparison revealed new 
conserved sites in the SCR coding sequence which were used to 

design new, more specific PCR primers (i.e., IF, 1R, and 4R) 

25 for use in amplification of SCR sequences from yet other 

plant species. 

Using combinations of primers 1F+1R and 1F+4R, 
PCR amplification was performed as described in section 
5.1.1.. Two DNAs of expected size were obtained from 

30 soybean: a 247 bp DNA from the 1F+1R primer combination and 
a 3 79 bp DNA from the 1F+4R primer combination. A DNA of 
expected size (247 kb) was obtained from carrot and spruce 
when their genomic DNA was amplified using the 1F+4R primer 
combination. The nucleotide sequences of the 379 kb soybean 

35 DNA (SCLgl) , the 247 kb DNA from carrot (SCLdl) and spruce 

(SCLpl) are shown in FIGS. 16K-M. The corresponding deduced 
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amino acid sequences of these amplified sequences are shown 
in FIG. 18. Comparison of these partial SCR coding sequences 

indicate this approach isolated DNA sequences that encode SCR 
proteins with amino acid sequences that are very similar, but 

5 . 

not identical, to a segment of Arabidopsis SCR protein (see 
FIG. 18) . 

10. EXAMPLE 5. EXPRESSION PATTERN OF MAIZE ZCR GENE 
IN ROOT TISSUE 

10 These experiments examined the expression pattern 

of ZCR in the primary root and quiescent centers of maize 

root. The expression pattern was determined by in situ 

hybridization using a ZCR RNA probe, corresponding to an 

amino acid segment region that is highly homologous to a 
corresponding segment of the Arabidopsis SCR protein. The 
experiment was carried out as follows* Restriction fragments 
containing the maize ZCR sequence were isolated from pZCR and 

subcloned into a pBluescript vector for in vitro 

20 transcription. The probe was synthesized using conditions 
described in the Genius Dig RNA labeling kit. The 
pBluescript plasmid was linearized, and 1 fig was used as a 
template to synthesize digoxigenin-labeled RNA using the T7 
polymerase. The RNA probe was subjected to mild alkali 

25 hydrolysis by heating at 60°C for 1 hr in 100 mM carbonate 
buffer (pH 10.2) to yield a probe size of approximately 0.15 
kb. Probe concentration for hybridization was optimized at 1 
Mg/ml/kb. In situ hybridization of root tips from 48 to 72 

hr-old maize seedlings or excised quiescent centers (QCs) of 
30 roots were carried out following procedures described in 
Section 6.1.6., supra. 

The results show that ZCR expression in maize 
primary roots is localized to a file of cells that is 
identified as the endodermal layer. The expression pattern 

35 

continues in a single uninterrupted file through the QC which 
consists of approximately 1000-1500 cells (FIG . 22) . 
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In two-week old regenerating QCs, ZCR expression 
is found in a file of cells extending through the newly 
formed apex. Thus, the regenerated roots exhibit a ZCR 

expression pattern that is similar to that seen in the 
primary root, even though the root apex does not contain the 
normal arrangement of cell files at this stage. 

ZCR expression during regeneration of the root 

apex also was examined. In the initial stages of 
regeneration, cell proliferation occurs to fill in the 
removed tissue and begins to regenerate the basic shape of 
the root tip. All cells on the blunt edge of the root appear 
to contribute to the new population of cells. The ZCR 

expression pattern indicates that molecular signals are 
differentially present in these cells at an early stage in 
regeneration. The gene appears to be diagnostic of cells 
that are preparing to undergo asymmetrical division in order 
to re-establish the normal organization of the root apex from 
the large undifferentiated cells. The results indicate that 
ZCR expression is required for pattern formation since it is 

expressed prior to the generation of any specific anatomical 
pattern in the newly formed root tissue. 

11. EXAMPLE 6. EXPRESSION PATTERN OF SCR 

GENE IN SOYBEAN ROOTS AND ROOT NODULES 

SCR expression in soybean roots and nodules was 

examined using in situ hybridization with a SCR probe. The 

procedures used were as described in Sections 6.1.6. and 10. 
In primary roots, SCR is expressed in the 

endodermis. Expression was found also in cells at the root 
tip that are located at the distal end of the endodermal cell 
files. In soybean nodules, expression of SCR was detected in 

the peripheral tissue at the site of developing vascular 
strands. At later stages of vascular development within the 
nodule, SCR expression was found flanking the vascular 

tissue. These results indicate that SCR is involved in 
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regulating vascularization in the nodule by contributing to 
the radial organization that is required to generate 
endodermis. These findings indicate that the SCR promoter 

may be used to express proteins in a highly tissue-specific 
manner in soybean nodules . One application is to use the SCR 

promoter to engineer nodules through production of components 
in a tissue-specific manner. Another application is that 
modification of the expression of SCR could enhance nodule 

activity by improving vascularization and/or the number of 
endodermal layers . 



12. EXAMPLE 7. SCR EXPRESSION AFFECTS 

GRAVITROPISM OF AERIAL STRUCTURES 

In addition to being defective in specific 

15 embryonic and postembryonic meristematic divisions , both the 

scr and the shr mutants have shoots that exhibit severely 

defective gravitropism. Complementation analysis showed that 
scr is allelic to a sgr (shoot gravitropism) mutant, sgrl. 

20 Four mutant alleles of SCR (i.e., scrl, scrZ , sgrl-1 and 

sgr 1-2) have been identified. All four of these mutants have 

normal root gravitropism and defective shoot gravitropism. 

Etiolated hypocotyls of scr mutants placed on 

their sides do not respond to gravity even after 3 hr. 
Similar behaviors were observed with the inflorescence stems 
of sgr 1-1 mutant, which do not curve upwards even after two 

days on their sides. In contrast, the roots of these plants 
respond rapidly to the change in orientation with the same 
kinetics as the wild type. Thus, mutations in the SCR gene 

30 

lead to a radial pattern deficiency in the root but have no 
effect on root gravitropism. 

Comparable results were obtained also for shr 
roots and for hypocotyls and inflorescence stems, i.e., data 
35 indicate that shr shows normal root gravitropism but almost 
no stem gravitropism. 
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13. EXAMPLE 8. MAIZE ZCR GENE 

This example describes the cloning and expression 
pattern of the maize ZCR gene, an ortholog of the Arabidopsis 

SCR gene. 

13.1. CLONING THE MAIZE ZCR GENE 

In order to clone the maize ortholog of the 
Arbidopsis SCR gene, a reverse genetic technology strategy 

was utilized. With this strategy, it is possible to clone 
genes from across taxonomic boundaries, such as from genes 
identified in model organisms like Arabidopsis to those 
embedded in more complex genomes such as maize. 

More specifically, using the deduced amino acid 
sequence of the Arabidopsis SCR gene in the reverse genetic 

technology strategy, multiple maize EST sequences related to 
SCR were isolated. One of them appeared very homologous to 

SCR, having greater than 77% sequence identity. 

Using this highly homologous EST sequence as a 
probe, three genomic clones from a B73 inbred maize genomic 
library were isolated. Based upon restriction enzyme 
analysis, the three genomic clones appeared to be overlapping 
portions of the same genomic region. 

Subsequently, a 5kb Sail fragment from one of the 
three clones was subcloned into pBluescript SK(-) and 
sequenced. The sequence analysis of the cloned maize gene 
revealed that it consists of two exons and one intron in one 
open-reading frame (ORF) encoding 668 amino acids. The 
presence of an in-frame stop codon located 5 1 to the 
initiating ATG and nearby stop codons in the other two 
reading frames suggests that the long ORF of this genomic 
clone encodes the functional, full length protein. See, FIG. 
25. 

After obtaining the full length maize sequence, a 
database search was performed to find homologous sequences. 
The database search revealed that the newly isolated maize 
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sequence was most homologous with the Arabidopsis SCR gene at 

the amino acid level. Comparison of the maize and 
Arabidopsis sequences indicated that the similarity between 
the Arabidopsis SCR and the maize ZCR gene extended beyond 

5 

the VHIID domain into both the N- and C-termmi (FIG . 26) . 
Although the N-terminal region of the maize ortholog and the 
Arabidopsis SCR gene appears more divergent, the maize ZCR 

gene has the homopolymeric stretches characteristic of SCR 

10 (Gerber et al., 1994, Science 263:808-811; Johnson, et al., 
1993, J. Nutr. Biochem. 4:386-398). 

In addition, the ZCR gene has other motifs 

characteristic of SCR: two putative leucine heptad repeats, 

which have been shown in other proteins to mediate 
15 protein-protein interactions; and a stretch of basic residues 
similar to the basic domain of bZIP proteins, which have been 
shown not only to mediate DNA-binding, but also nuclear 
localization (Hurst, H.C., 1994, Protein Prof. 1:123-168). 
Moreover, the ZCR gene has three copies of an LXXLL motif in 

20 

the N-terminal region, which has been shown to mediate the 
binding of a steroid receptor coactivator complex to nuclear 
receptors (Heery, et al., 1997, Nature 387:733-736; Torchia, 
et al., 1997, Nature 387:677-684). See, FIG. 26. Similarly, 

the GAI and RGA gene products also contain a copy of this 

25 

sequence. In these genes, the sequence is believed to be 
involved in a gibberellin signal transduction pathway (Peng, 
et al., 1997, Genes Dev. 11:3194-3205; Silverstone, et al., 
1998, Plant Cell 10:155-169). 

Although the functionality of these putative 

30 

motifs has not been clearly demonstrated, the fact that all 
of these putative motifs exist in a single polypeptide 
strongly suggests that the maize ZCR is a transcription 

factor similar to the Arabidopsis SCR gene. In addition, the 

35 structure of the ZCR gene is very homologous to that of the 

SCR gene. Specifically, the position of the intron is 
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conserved, although the size and sequence of the intron is 
different in the two genes. 

In addition to the maize ZCR gene, a 3.2kb 

fragment upstream of the initiating ATG of the maize gene was 
isolated. This region, similar to numerous other upstream 
regions in other genes, likely contains regulatory elements 
of the ZCR gene. Furthermore, this upstream region can be 

analyzed and utilized similar to the upstream region of the 
SCR gene, discussed supra. 

FIG. 32 shows an RNA blot analysis in which 
either total RNA or poly-A selected RNA from roots and shoots 
were probed with the full-length ZCR cDNA. As shown in the 

figure, the probe hybridized to a band that is approximately 
2.6 kilobases in size. 

FIG. 3 3 shows the partial nucleic acid and amino 
acid sequence of CBPBT44, a gene which has significant 
homology to both the Arabidopsis SCR and the maize ZCR genes. 

FIG. 34 represents an alignment of the three genes. As shown 
in FIG. 34, the three genes share a high degree of homology, 
including, but not limited to, the leucine heptad repeats. 
To further demonstrate the homology between the maize ZCR 

gene and the CBPBT44 partial sequence, a Southern blot 
analysis was performed. See, FIG. 35. FIG. 3 5 demonstrates 

that CBPBT44 (right pane, lane C) is the source of some of 
the bands picked up by the maize ZCR cDNA (right panel, lane 

A) . Thus, it is likely that CBPBT44 is a closely related 
gene to the ZCR gene, and that CBPBT44 may represent a 
duplicated copy of the maize ZCR gene in the maize genome. 

This possibility is strengthened by the fact that maize is 
thought to have undergone a general duplication of its genome 
during its evolution. 
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13.2. EXPRESSION PATTERN OF THE MAIZE ZCR GENE 



In order to understand the function of the maize 
ZCR ortholog, the expression pattern of the maize ortholog 
was examined in various types of roots, including, but not 
limited to, the maize primary, embryonic, lateral, seminal 
lateral and adventitious roots by RNA in situ hybridization. 
Suprisingly, in spite of the profound differences of the root 
architecture between maize and Arabidopsis (FIG. 23), the 
expression pattern of the maize ZCR is remarkably similar to 
that of the Arabidopsis SCR in that expression is found only 
in the endodermis cell lineage (Fig. 22A-C) . Furthermore, it 
is expressed in the embryonic root and lateral root (FIG. 
22D-F) . 

15 Interestingly, ZCR expression also was found to 

extend through the QC (FIG. 22A-B) . Expression through the 
QC was confirmed by observations of the expression pattern in 
serially cut sections. This demonstrates the first evidence 
for cell-specific expression within the QC, which has long 

20 been considered to be undifferentiated and probably 

multipotent, analogous to stem cells in animals (Barlow, 
P.W., 1976, J. Theor. Biol. 57:433-451; Barlow, P.W. , 1978, 
In Stem cells and tissue homeostasis (Lord, B. I., Potten, C. 
S. and Cole, R. J. eds) , (Cambridge: Cambridge University 

25 Pess) ) . In addition, this finding raises the possibility 
that radial organization is established in the mitotically 
inactive narrow region where cell files converge. 

14 . EXAMPLE 9: MAIZE ZCR GENE EXPRESSION 

30 

DURING REGENERATION OF THE ROOT TIP 
This example describes the expression of the 
maize ZCR gene during regeneration of the root apex after 
excision of the QC. Expression after removal of the root cap 

and immediately after QC excision did not show any alteration 
35 J 
in its pattern (FIGS. 2 7A-B) . 
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At 24 hours after removal of the QC, the excised 
tissue began to be replaced, reforming the basic shape of the 
root tip. Expression was found in the endodermal cell file 
of the unexcised portion of the root as well as in the newly 
5 formed cells at the base of the endodermal cell files. The 
lack of its expression in the cells below this region 
indicates that it is activated only after initial 
proliferation and partial restoration of the apex. Moreover, 
expression was found also in isolated cells located between 

10 the cell files (FIG. 27C) . Examination of serially cut 

transverse sections indicated that these internal cells were 
not directly adjacent to any other cells expressing the gene 
(FIG. 27D) . This observation indicates that there is no 
lineage requirement for the isolated cells expressing the 

15 maize ZCR gene. 

At 48 hours after excision of the QC, expression 
of the maize ZCR was found in a band of cells that is nearly 
perpendicular to the base of the endodermal cell files (FIG. 
2 7E) . At this stage, the root tip had regained its normal 

20 

external shape, although longitudinal sections show that the 
cell files are not organized into the converging files seen 
in the normal root anatomy. 

At 72 hours, the expression of the maize ZCR gene 

25 pattern resembled that found in the unexcised root, although 
the anatomical pattern was not yet restored (FIG. 27F) . 
Between 72 and 96 hours, there was an anatomical shift such 
that files became convergent at the tip. Finally, by 9 6 
hours following excision of the QC, ZCR gene expression was 

30 found to be localized to a single file of cells extending 
through the tip in a manner similar to that seen in the 
primary root (FIG. 27G) . 

These results show that the expression pattern of 
the maize ortholog converges at the root tip prior to the 

35 anatomical pattern of the root. Thus, ZCR gene expression 

prepatterns radial organization of the root. The progressive 
refinement of the expression pattern suggests that radial 
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patterning is regenerated by processes that involve 
positional information possibly transmitted through cell-cell 
signaling within the regenerating region. 



15. DEPOSIT OF MICROORGANISMS 
The following microorganisms have been deposited 
in accordance with the terms of the Budapest Treaty with the 
American Type Culture Collection; 12 3 01 Parklawn Drive, 



10 



Rockville, MD 



Microorganism 



20852, U.S. A, 

Clone 



on the dates indicated: 



Accession 

No. 



Date 



15 



DH5a 

DH5a 
DH5a 
DH5a 
DH5a 



pGEX-2TK + 98031 
(pLIG 1-3/Sac+MOBlSac) 

pNYHl (Zm-scllb) 98032 

pNYH2 (Zm-scll) 98033 

pNYH3 <Zm-scl2) 98034 

pZCR 97992 



April 26, 1996 

April 26, 1996 

April 26, 1996 

April 26, 1996 

April 18, 1997 



Although the invention is described in detail 

2 0 with reference to specific embodiments thereof, it will be 

understood that variations which are functionally equivalent 
are within the scope of this invention. Indeed, various 
modifications of the invention in addition to those shown and 
described herein will become apparent to those skilled in the 
25 art from the foregoing description and accompanying drawings. 
Such modifications are intended to fall within the scope of 
the appended claims. 

Various publications are cited herein, each of 
the disclosures of which is incorporated by reference in its 

3 0 entirety. 



35 
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